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1. Introduction

The three-dimensional Radon line transform problem (Helgason 1980; Radon 1917)
may be formulated as follows. Let F' be a given density distribution on Euclidean
three space. If A is a straight line in the space, denote by px(F') the integral of F
along the line ), using the Euclidean measure along the line. The problem is then:
given py(F), for all lines A, find the function F. This problem is routine to solve for
certain classes of functions F' (for example, smooth functions of compact support)
using Fourier analysis. Here a new and deeper approach to the problem will be
sketched, using complex analysis and twistor theory (Penrose & Rindler 1984, 1986).

The twistor reformulation of the problem was described for the first time by the
author in lectures in Oxford in the late 1970s. The reason for the delay in solving it
is that the topology and analysis needed are quite subtle and the correct approach
only became clear recently. This reformulation will now be presented briefly. For any
integer n > 2, consider V, a real vector space of dimension n+1, V’, the complement
of the origin in V and A, a real affine space of dimension n.

Phil. Trans. R. Soc. Lond. A (1998) 356, 3041-3086 © 1998 The Royal Society
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3042 G. Sparling

Choose an affine embedding p : A — V' of A in V', as a hyperplane in V, not
passing through the origin. Denote by C°°(V,—2) the space of smooth functions
globally defined on the space V' and homogeneous of degree minus two, i.e. if f €
C>°(V,—2), then t2f(tv) = f(v), for all v € V' and all non-zero real numbers ¢.

A real-valued function F' defined on the space A will be said to be regular at
infinity if and only if F' = fpu, for some (necessarily unique) function f € C*°(V, —2).
Denote by G*°(A) the space of functions F' on A that are regular at infinity. The
space G*°(A) is a subspace of the space of all smooth functions on the space A and
is independent of the choice of the embedding pu.

Denote by T'(A) = A x B the tangent bundle of A (where B is a real vector space
of dimension n) and by S(A) the complement of the zero section in T'(A). For any
r € A,y € Aand v € B, we shall write y —x € B for the position vector of y relative
to x and x+v € A for the point of A whose position vector relative to x is the vector
v. The derivative of the map p is a real linear map p* : B — V, with image the
hyperplane through the origin of the space V, parallel to the hyperplane p(A).

Asymptotically, we have the limit: lim; o t?F(z+t2) = f(u*(2)), for any (x,2) €
S(A) and for any F € G*°(A), where F = fu. In particular, for any given F €
G>(A), the following improper integral converges, defining a function p(F') on the
space S(A):

[e @]

p(F)(z,2) =7t / F(z +tz)dt.

— 00

The Radon transform problem for F' € G*°(A), is then: given the function p(F),
retrieve the function F'. Note that the quantity p(F') is essentially homogeneous of
degree minus one in z, in that we have the relation |k|p(F)(x, kz) = p(F)(z, z), for all
(z,2z) € S(A) and for all real k # 0. Consequently, if the bundle T'(A) is provided with
an Euclidean structure, knowledge of the function p(F) is equivalent to knowledge
of its restriction to the subset of S(A) consisting of all (z,z) € S(A), such that z is
a unit vector. In turn the quantity p(F)(z, z), for z a unit vector, is a fixed constant
multiple of the ordinary line integral of the function F', with respect to Euclidean
measure, along the line in the space A through the point x with direction vector z.
So knowledge of the function p(F'), for each F' € G (A), is equivalent to knowledge
of the ordinary Radon transform for G*°(A) in the Euclidean case. Note, however,
that the quantity p(F') does not need an Euclidean structure for its definition.

A prototypical example is the case F' = F, 5, where Fy, () = [(x—a)-(z—a)+b%] 71,
for any x € A, any fixed a € A and any fixed non-zero real number b. Here u - v (for
any v € B and v € B) is an Euclidean inner product for the vector space B.

One finds that p(F,3)(x,2) = [2-2((x — a) - (x — a) + b?) — (2 - (x — a))?]~ /2, for
any (z,z) € S(A).

Next denote by A(V) the space of all pairs (v,w) € V2, with v and w linearly
independent. Consider the following integral, for any given f € C*°(V,—2) and for
any (v,w) € A(V):

w/2 T
o(f)(v,w) Eﬂ'_l/ f(vcos +wsin@) dd = (2m)~* f(vcos +wsin ) do.

—r/2 -

Putting z = vcosf + wsinf, we have the following identities, valid for any real 6

Phil. Trans. R. Soc. Lond. A (1998)
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Inversion for the Radon line transform 3043

and any (v,w) € A(V):
Dp[—sin? 0f(2)] = v - O f(2),
Oolcos? 0F (2)] = w - D, f (2),
Op[—sinfcosOf(z)] =v-0uf(2) + f(2),
Oglsinfcos0f(z)] = w- 0w f(2) + f(2).

Here 9y is the partial derivative with respect to # and for any vector variables a and
b, the operator a - 9, is the directional derivative in the direction of a, with respect
to the variable b. Integrating these identities immediately gives the relations, valid

for all f e C®(V,-2):

V- 0wd(f) = w-0up(f) = v-0ud(f) + &(f) = w - 0uwd(f) + ¢(f) =0
We also have ¢(f)(—v,w) = ¢(f)(w,v) = ¢(f)(v,w), for all (v,w) € A(V). Combin-
ing these relations, we obtain the formula, valid for any real numbers a, b, ¢ and d,
such that ad — be # 0 and for any (v, w) € A(V):

o(f)(av + bw, cv + dw) = |ad — be| L o(f) (v, w).
Next define on the space A(V), a function &(f), taking values in £2?(V), the exterior
product of V' with itself, by: &(f)(v,w) = v A wo(f)(v,w), for any (v,w) € A(V).
Then the function @(f) obeys the following relations, valid for any real numbers a,
b, ¢ and d, such that ad — bc > 0 and for all (v,w) € A(V):

&(f) (v, w) = =(f)(-v,w) = =&(f)(w,v),
O(f)(av + bw, cv + dw) = D(f) (v, w).

Thus the quantity &(f)(v,w) depends only on the oriented two plane in the space V/,
through the points v and w, with oriented basis (v, w). Denote by M (V') the oriented
Grassmanian of oriented two planes in the vector space V. Then the function @(f)
may be interpreted as the pullback to the space A(V) of a smooth function, still
called @(f), taking values in £2?(V), defined globally on the space M (V). Note that
ifx e M(V)and y € M(V), with z = y as subspaces of V', but with x and y having
the opposite orientations, then we have &(f)(z) = —&(f)(y), for all f € C>=(V,—-2).

Finally, if F = fpu, for f € C*(V,-2) and for F € G*(A), then we have the
following relation, valid for all (z, z) € S(A):

¢(H) (), wle + 2)) = p(F)(z, 2).

So, knowledge of the function ¢(f) on the space A(V) is equivalent to knowledge of
the function p(f) on the space S(A), whenever F' = fu. In turn, knowledge of the
function ¢(f) on the space A(V) is equivalent to knowledge of the function @(f) on
the space M (V). So, solving the Radon transform problem for the function space
G*°(A) is equivalent to solving the transform problem:

Given the £2%(V)-valued function ®(f) on the space M (V), for f € C®(V,-2),
reconstruct the function f.

It is in this form that we shall analyse the problem. We shall treat not just the stan-
dard three-dimensional Radon transform, for which n = 3, but the generalization,
for which n > 3.

The prototypical example in this language is the case f = f,, where f,(v) =
[g(v,v)]7, for any v € V'. Here the quantity g(-,-), represents a definite symmetric
bilinear inner form for the space V. For this example we have, for any (v,w) € A(V):

(b(fg)(vv w) = [g(’U, U)g(wv w) - g(’U, w)2]71/2'

Phil. Trans. R. Soc. Lond. A (1998)


http://rsta.royalsocietypublishing.org/

'\
/N
JA \
A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A\

y \

P

THE ROYAL A

A A

N

0\

SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

3044 G. Sparling

Pick a unit vector o € V' and an affine embedding p of A onto the hyperplane with
equation g(o,v) = b # 0 in V. Then we have the relation f,u = F,;, provided
u(a) = ba, where we use the induced metric for the Euclidean structure of the space
A. Then the prototypical examples f, and Fj ; are compatible, as is easily seen.

Section 2 below organizes the real and complex geometry underlying the Radon
transform. The most important spaces are the spaces V', M (V') and H(V'), the space
of all complex vectors a + ib, with a and b linearly independent vectors in V. The
space H (V') maps to the space M(V), in two ways: one assigns to each vector a + ib
in H(V') the oriented subspace with oriented base (a,b); the other assigns to each
vector a + ib in the space H (V') the oriented subspace with oriented basis (b, a).

Section 3 introduces the differential operator, F, which generates the action of the
general linear group of the space V on a variety of associated spaces and discusses
applications of Liouville’s theorem.

Section 4 gives a precision treatment of the basic Radon transform formula. The
transform is described there as a linear operator @ : C>(V,—2) — Z (M), where
Z(M) is a space of smooth functions on the space M (V), taking values in 2%(V),
subject to a certain system of second-order differential equations. It is shown that
these equations, when pulled back to the space H(V'), amount to exactly the con-
dition that for each f € C'*°(V,—2), a certain (0, 1)-form on the space H(V'), con-
structed from the transform @(f), be 0-closed. This provides the entry for a complex
analytic approach to an otherwise real problem.

Section 5 gives a description of the Hilbert transform, Hx, as a complex structure
for the space of smooth functions, homogeneous of degree minus one, defined on
the complement of the origin in an oriented two-dimensional real vector space X.
Complex analysis enters here, again, since the (complex) eigenvectors of the operator
Hyx admit holomorphic extensions into certain domains in the complexification of
the space X.

Section 6 gives a cohomology vanishing theorem, showing the vanishing of the
first cohomology group, of the sheaf ©(—2) of germs of sections of the line bundle
of Chern class minus two, over the complement of real projective space in complex
projective space. This is relevant, since the projective image, pc(H), of the space
H(V) is exactly the complement of the projective space of V' inside the complex
projective space of the complexification of V.

Section 7 shows how to solve the problem da = f3, where 0 is the d-operator for
complex projective space and 3 is a d-exact (0,1) form with coefficients in ©(—2),
defined on certain domains in projective space. The method used is a global version
of the method of Grothendieck. This section gives in particular the solution for the
domain pc(H) in terms of explicit integrals involving the form g.

Section 8 shows how to use the Hilbert transform to get at the Radon transform.
In particular, it is shown that the Radon transform @ is injective.

Section 9 shows how to use the information gathered in §§4-8 to solve completely
the inversion problem for the Radon transform. Roughly, the procedure followed is to
organize the information of the transform @(f), for any f € C*°(V, —2), in a 0-closed
(0,1) form, B(f), on the space H(V'), to prove exactness of the form 3(f), to solve
the equation da(f) = B(f), with an explicit construction of the (unique) solution
a(f) and then to show how to reconstruct the function f from the quantity «(f).

It should be noted that the entire construction is carried out without being able
to conclusively identify the range of the transform @. It is natural to conjecture,

Phil. Trans. R. Soc. Lond. A (1998)
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Inversion for the Radon line transform 3045

however, that the range is the whole space Z(M). Fritz John (1938) wrote a beautiful
treatment of the Radon transform for continuous data. Much of his work can be taken
over into the present language. It is hoped that by carefully studying his paper it
may become possible to settle this conjecture.

This work may be regarded as the third of a series devoted to analysing the relation
between twistor theory and soliton theory; the first two works were co-authored with
Lionel Mason (Mason & Sparling 1989, 1992). In the language of twistor theory, the
present work (specialized to the case that V' is four dimensional) deals only with linear
spin zero fields obeying the conformally invariant wave equation on the conformally
flat manifold M (V), of signature (2,2). However, the global approach used here is
easily seen to be compatible with the standard local twistor generalizations from spin
zero to other spins and from linear field theory to (anti)-self-dual connection theory
(gauge connections and Cartan conformal connections). This approach then dovetails
in nicely with the elegant approach to global soliton theory developed independently
by Mason, using non-Hausdorff spaces. Mason’s theory was introduced in a seminar
by him at the University of Pittsburgh, while the present paper was being written
up.

A technical difference is that the author’s work considers the smooth theory,
whereas Mason’s spaces encode most naturally the analytic case. However, it should
be remarked that in the nonlinear theory the analysis is far more difficult, so theorems
in the present theory have to be replaced (temporarily, one hopes!) by conjectures in
the nonlinear case. It is planned to give a fuller discussion of these matters elsewhere.

In the special case that the vector space V is four dimensional, this work gives an
alternative to the standard theories of three-dimensional imaging, where the image
is to be reconstructed from the observed absorption of linearly propagating probes
(sonar, X-rays (Roentgen 1895), neutrino beams, etc.). It is possible that the present
approach is superior to the conventional approach. This is currently under investi-
gation.

2. Geometrical organization

Denote by R, C and RT, respectively, the real and complex fields and the multiplica-
tive group of positive reals. For any ¢t € C, t will denote its complex conjugate.

For any real vector space V, of finite dimension d(V') > 2, we introduce the fol-
lowing associated entities:

1. V¢: the complexification of V. If v € Vi, we write 7 € V¢ for its complex
conjugate and v € V and v~ € V for its real and imaginary parts, respectively:
sov=v"+iv- and v =0v" —iv".

V*, V&: the real dual of V' and the complex dual of V¢.
V', V{: the spaces V' and V¢ with their origins removed.

T(V): the real tensor algebra of V, generated by R, V' and V*.

AR

TP(V): the tensor product of p copies of V' with ¢ copies of V*, for p and ¢
non-negative integers.

6. TT(V), T~(V): the subalgebras of T'(V) generated by R and V and by R and
V*, respectively.

Phil. Trans. R. Soc. Lond. A (1998)
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T'(Vg): the complex tensor algebra of V¢, generated by C, V¢ and V.

Ty (Vc): the tensor product of p copies of Vi with ¢ copies of V¥, for p and ¢
non-negative integers.

T+ (Vc), T~ (Vg): the subalgebras of T(V¢) generated by C and V¢ and by C
and V¥, respectively.

P(V), Pc(V): the real projective space of V' and the complex projective space
of V(C.

2(V), 2(Vg): the real exterior algebra of V' and the complex exterior algebra
of V¢, respectively.

0P(V), 2P(Vi): the p-fold exterior powers of V' and Vg, respectively, for any
non-negative integer p.

We use A to denote the exterior products of the algebras (V') and 2(V¢), not for
the exterior product for differential forms; instead this latter product is written as
juxtaposition of the terms in the product. For any given a € V*, a € 2(V), b € V¢,
B € 2(V¢), denote by t(a)a € 2(V) and «(b)3 € 2(V¢), respectively, the images of
a and ( under the natural actions of a and b as derivations of (V') and 2(V¢) of
degree minus one. We occasionally identify £21(V) and V, without comment.

1.

2.

9.

M (V): the space of oriented two-dimensional real subspaces of V.

N(V): the space of all X € £22(V), such that 0 # X and X A X = 0.

A(V): the space of all (v,w) € V2, such that v A w # 0.

H(V): the space of all v € V¢, such that v AT # 0.

S(V): the space of all pairs (x,v), with € M(V) and v € 2'.

Sc(V): the space of all pairs (x,v), withx € M(V),v € V{, vt € zand v~ € 2.

S.(V): the space of all (z,v) € Sc(V), such that (vt,v™) is an oriented basis
of z.

S_(V): the space of all (z,v) € Sc(V), such that (v, —v™) is an oriented basis
of x.

So(V'): the space of all (x,v) € Sc(V), such that v AT = 0.

Note that the space Sc(V) is the disjoint union of the spaces Sy(V), S_(V) and
So(V) and the space So(V) is the boundary in Sc(V') of each of the spaces Sy (V)
and S_ (V). The space S(V) is a subspace of the space So(V') and if (z,v) is a given
point of Sy(V'), then there exists a point (z,w) of S(V'), such that v = tw, for some
t € C with ¢t = 1 and then the vector w is unique up to sign.

We also introduce the following maps.

Phil. Trans. R. Soc. Lond. A (1998)
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1. The natural skew symmetrization maps:

ANV):T(V) =T~ (V)@ V),
AN (Ve) : T(Ve) = T~ (Ve) © 2(Ve),
A(V):T(V) = TH(V) @ V),
A (Vo) : T(Ve) — T (Ve) @ 2(V),
AV):T(V) = V)@ 2(V"),
AVe) : T(Ve) = 2(Ve) @ 2(VE).

2. The canonical projections:
p(V): V' = P(V),
pe(V) 1 VE = Pe(V).
3. m(V): N(V) - M(V), the canonical surjection, which assigns to any given

X € N(V) the oriented subspace of V', m(V)(X) € M(V), with oriented basis
the ordered pair of vectors (v, w) of V, whenever we have v A w = X.

4. n(V): A(V) = N(V), (v,0) € A(V) = n(V)(v,w) = v Aw e N(V).
5. X (V) : HV) > N(V), v e HV) = X4(V)(v) = 20* Av— € N(V).

6. X_(V):H(V) = N(V), v e HV) = X_(V)(v) = —2vF Av— € N(V).
7. (V) : H(V) — M(V), the composition m (V)X (V).

8. x_(V): H(V) — M(V), the composition m(V)X_(V).

9. s4(V) : H(V) = S4(V), v e H(V) = 54 (V)(v) = (z4(V)(v),0) € S+ (V).
10. s_(V): H(V) = S_(V), v € H(V) = s_(V)(v) = (z_(V)(v),v) € S_(V).

S

As a subspace of V', we have m(V)(X) = {v € V;u A X =0}, for any X € N(V).
Then we have m(V)(X) = m(V)(Y), for X € N(V) and Y € N(V), if and only if
there exists a unique r € RT, with X = rY. The map m(V) makes N(V) into a
principal fibre bundle over the space M (V') with fibre R™.

If the underlying vector space V is understood, we shall abbreviate, when it is
convenient to do so, by omitting (V') from the names of the various spaces and maps
introduced above and by replacing (Vi) and (V¥) by just ¢ and §, respectively.

Lemma 2.1. The maps s4 and s_ are diffeomorphisms, so provide the spaces S
and S_, respectively, with complex structures.

Proof. The maps st and s_ are clearly smooth and are easily seen to be injective
and surjective. |

If W is a subspace of V, denote by ann(W) the subspace of V* consisting of all
linear forms on V that annihilate the subspace W. For any W, a subspace of V,
denote by o(W) the subalgebra of the algebra T generated by the spaces R, W and
ann(W) and by o2 (W) the intersection of the spaces o(W) and TP, for any p and q
non-negative integers.

Phil. Trans. R. Soc. Lond. A (1998)
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By definition, the twistor algebra over the space M, 7(M) is the trivial tensor
algebra bundle M x T.

By definition, the spinor algebra over the space M, (M), is the algebra subbundle
of the twistor algebra over M, whose fibre at any point x € M is the algebra o(z).
A section of the twistor algebra that takes values in o(M) will be called local, or a
spinor field. For any p and ¢ non-negative integers, denote by ol the bundle over M,
whose fibre at any x € M is the space o} (z). For any p and ¢ non-negative integers,
a spinor field which is a section of o7 will be said to be of type (p,q) or to have p
primed indices and ¢ unprimed indices.

Note that the space S(V') introduced above is the complement of the zero section
of the primed spin bundle .

Some quantities are most easily expressed using indices. We shall use Greek lower-
case indices for the tensor algebras of V and V¢, generally conforming to the abstract
index conventions of Penrose & Rindler (1984).

3. Canonical differential operators; derivations; homogeneous
functions; fibre holomorphic functions; Liouville’s theorem

We work in the smooth category throughout. Denote by d the exterior derivative
operator, for any space. Denote by 0 the d-bar operator for any complex manifold.
One has d = 9 + 9, where 0 is the complex conjugate of 0.

For any vector field p, denote by ¢(p) the corresponding derivation of forms of
degree minus one and by L(p) the Lie derivative derivation of forms, in the direction
of p. One has the relation L(p) = di(p) + ¢(p) d.

Denote by z the tautological V-valued function on V', whose value at any v € V is
just v. The function z may be used as a (vector) coordinate function for V. Denote by
0, the V* valued vector field on V, such that (9,)(z) = d, where ¢ is the Kronecker
delta tensor.

Denote by ¢ (with complex conjugate ) the tautological Ve-valued function on V¢,
whose value at any v € V¢ is v. The function ¢ may be used as a (vector) holomorphic
coordinate function for V. Denote by 0, (with complex conjugate 85) the V& valued

vector field on V¢, such that (0¢)(¢) =0 and (9¢)(¢) = 0.

If t € R, denote by I'(t) the diffeomorphism I'(t) : V' — V', v — ev, for all
v € V'. The set I' = {I'(t);t € R} forms a one-parameter group of diffeomor-
phisms of V’. Denote by n the vector field generating I'. Explicitly, we have the
relation n(f) = ¢(2)(0.(f)), for any smooth function f on V' (not necessarily glob-
ally defined). A quantity defined on V' will be said to be homogeneous of (integral)
degree k, if and only if, for each real t, it scales by a factor of e’*, under the action
of the diffeomorphism I'(¢). Similar definitions apply to functions defined on open
subsets of V'’ that are invariant under the action of the group I'. For any integer k,
denote by C°(V, k) the space of all smooth functions f, globally defined on V' and
homogeneous of degree k, such that f(—v) = (—1)*f(v), for all v € V".

For each complex ¢, denote by I'c(¢) the diffeomorphism I'c(t) : V& — VI, v — eto,
for all v € V{. Then the set I't = {I¢(t);t € C} forms a one-parameter group of
holomorphic diffeomorphisms of V{. A quantity defined on the space V' will be said
to be homogeneous of (integral) degrees (p,q), if and only if, for each complex ¢,
it scales by a factor of exp(tp + tq), under the action of I'c(¢). If the quantity is
holomorphic and homogeneous of degree (p, q), then necessarily ¢ = 0. In that case
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we shall say that the quantity is homogeneous of degree p. Similar definitions apply
to functions defined on open subsets of V. that are invariant under the action of Ic.

Denote by G the Lie group of isomorphisms of V' and by ¢ the Lie algebra of G.
Then the group G acts naturally as a group of diffeomorphisms on each of the spaces
V,V* 2% 02 x Ve, Ve, P, Pc, M, N, H, S, Sc, S+ and Sy. Correspondingly the
Lie algebra g is naturally represented on each of these spaces by a global g*-valued
vector field. Denote this vector field, for any of these spaces by E. Note that both
g and ¢g* may be canonically identified with V' ® V*  so that £ may be regarded as
taking values in V' ® V*. Explicit formulas for E follow.

1. On the space V, we have F = z ® 0,.

2. On the space V¢, we have E=(® 9, +( ® Oz.

3. A point of the space 2? is represented canonically by a skew coordinate vector
X8 Then the equations of the subspace N are: X®% # 0 and X[*F X7 = 0.
Denote by 9,5 the indexed vector field on the space 22, which satisfies the
equations 9,5 X% = 5[70162)}. Then on the space 22, we have the formula Ef =
2X*783,. The vector field E of the space 2% is tangent to the submanifold
N, inducing the vector field E of the space N. The vector field E is invariant
under the action of the group R™ on the space N, so passes down to the space
M, giving the vector field E of that space.

4. On the space 22 x Vg, the vector field E is given by the formula Ef =
2XP 00 + (POq + (P04, where Dy = (O¢)o and Dy = (97)a- This vector field
restricts naturally to the space N x V¢, passes down to the quotient M x V¢
and is tangent to the submanifold S¢ of the space M x V¢.

The fibre of the space S¢ at any point x € M is by definition the set of all
points (z,v) € S¢, with v € V{ and vE € z. If f is a function defined on an open
subset of the space Sc, then f will be said to be fibre holomorphic if and only if the
restriction of f to any fibre is holomorphic with respect to the complex structure on
the fibre induced from the complex structure of V{. Expressed in terms of differential
equations on the space N x V¢, the function f is fibre holomorphic if and only if it
obeys the relations: (?0nf = C Ouf = X*Busf = 0.

The vector field E on the space M is local, taking values in the bundle of. Then
the map a@ — o(a) = «(E)(«), for any « a section of the cotangent bundle of M,
gives a natural isomorphism of the cotangent bundle of M, which is a 2(d(V') — 2)-
dimensional bundle over M, with the bundle o}, which has the same dimension. A
metric or conformal structure v on the space M, will be said to be of spinor type,
if and only if the inner products v(Ef, E) are totally skew. In the case that the
vector space V is four dimensional, it is well known that there is a unique conformal
structure -, of spinor type, for the space M. Distinct points z and y of the space M
are connected by a unique null geodesic of that conformal structure, if and only if
the intersection of the subspaces x and y of V' is exactly one dimensional.

If w is a differential k-form on M, for k a non-negative integer, then w may be
represented as a spinor by the quantity o(w) = (k!)~'((¢(E)®)*(w). The quantity
o(w) is a (k, k) spinor field, such that it changes sign whenever pairs of corresponding
contravariant and covariant indices are simultaneously interchanged. Conversely, any
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such (k,k) spinor field represents a unique k-form on M. In particular, if w is a
two form on M, it is represented by a (2,2) spinor. There is then a canonical two
form w*, called the dual of w, which is represented by the spinor o(w) with its
contravariant indices interchanged. One has (w*)* = w, for any two form w. The
two form w is said to be self-dual if and only if w = w* and anti-self-dual if and
only if w = —w™*. The bundle of two forms of the space M, which has dimension
(d(V) —2)(2d(V) — 5), is the direct sum of the bundles of self-dual two forms, of
dimension 3(d(V') —2)(d(V) —3)/2 and the bundle of anti-self-dual two forms, which
has dimension (d(V') —2)(d(V) —1)/2.

Next denote by ¢ the degree zero derivation of the algebra W, taking values in
V ® V*, representing the natural action of the Lie algebra g on the algebra 2. We
have the explicit formula: [(¢(a)d)(b)](w) = b A (t(a)(w)), for any a € V*, b€ V and
w € §2. Also denote by ¢ the degree zero derivation of {2¢, taking values in Ve ® V{7,
given by the analogous formula: [(¢(e)dc)(f)](w) = f A («(e)(w)), for any e € V{,
f € Ve and w € £2c. Note that acting on the spaces 2! and §2}, respectively, the
derivations § and d¢ agree with the action of the real and complex Kronecker delta
tensors, respectively.

We shall frequently use variants of Liouville’s theorem. The simplest version needed
here is as follows. Let Dy denote a circle on the Riemann sphere, S, and let D
denote open discs, each with boundary Dy, such that the union of Dy and Dy is
the whole sphere. Let f4 be holomorphic functions on D4 that each possess smooth
extensions to the closure of their respective domains. Suppose that the restrictions
to Dg of the extensions of fi are equal. Then the functions f4 are each everywhere
constant, with the same constant value. This result follows because the conditions
on the functions fi guarantee (via the Cauchy—Riemann equations) the existence
of a global holomorphic function f on S, whose restrictions to the discs Dy are the
given functions fi. But by the standard Liouville theorem, such a function f must be
constant, as required. We also need a ‘twisted’ version of this result. For any integer
k, let @g(k) denote the sheaf of germs of holomorphic sections of the holomorphic
line bundle over S of Chern class k (so the Hopf bundle corresponds the case k =
—1). Let st be holomorphic sections of @g(k) on D, that each possess smooth
extensions to the closure of their respective domains. Suppose that the restrictions
to Dg of the extensions of the sections s+ are equal. Then if k& < 0, the sections are
everywhere zero. This result follows from the untwisted case. First, the conditions on
the sections sy guarantee the existence of a global holomorphic section s of Og(k),
whose restrictions to the subsets Dy are the given sections s4. Second, if k£ < 0,
for any global section ¢ of @g(1), the product ¢~*s represents a global holomorphic
function on S, so is a constant, ¢, say, by the standard Liouville’s theorem. But it is
well known that any global section of @g(1) vanishes at exactly one point of S, so ¢
vanishes at a unique point p(t) of S. Evaluating the product t*s at p(t) shows that
the constant ¢ vanishes. Then evaluating the product at any p € S, with p # p(t)
gives s(p) = 0. So the section s vanishes everywhere on the space S, except possibly
at the point p(¢). Then by continuity, the section s vanishes everywhere on the space
S, as required.

One may cast these facts in the concrete language of homogeneous functions as fol-
lows. Let x be an oriented two-dimensional real vector space. Denote by D4 (x) the set
of all v € af, such that v, +v~ is an oriented basis of z. Denote by Dy (z) the com-
mon boundary of the spaces D4 (z) in the space z(. So Dy(x) = {v € z;v AT = 0}.
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Let f1 be smooth functions defined on the closures of D4 (z) in 2 and holomorphic
on D (x). Suppose that the restrictions of f1 agree on the boundary Dy (z). Suppose
also that the functions fi are everywhere homogeneous of degree k, for some integer
k. Then if k < 0, the functions f4 vanish identically and if k = 0, the functions f4
are everywhere the same constant.

4. The Radon transform formula

Denote by @ the £2'-valued one form on V, such that for any fixed a € V*, we have:
t(a)(@) = d(c(a)(z)). We may trivially extend the exterior derivative of V to act on
forms on V', with values in the algebras T" or {2. Then we have § = dz. Now the two
form 62 takes values in £2%. Denote by w the one form 1¢(n)(6?). Then w is a globally
defined one form, homogeneous of degree two on the space V and taking values in
the space £22. Explicitly we have the relation w = z A 6. Note that the form w has
exterior derivative dw = 62.

For any x € M denote by z,. the pullback map, restricting forms on V' (not
necessarily globally defined) to the subspace x. If v € 2 € M, then v Az, (w) = 0 and
v A 2,(6%) = 0. In particular, we have: z,(z A §2) = 0, for all x € M. Let a function
f € C°°(V,—2) be given. Then the product fw is a one form, globally defined on V'
and homogeneous of degree zero, taking values in the space 22.

Lemma 4.1. The exterior derivative of the form fw is given by the following
formula:

d(fw) = =5(e(9:£) (2 A 6%)).
Proof. We have, using the relations L(n)d =60 , L(n)f = —2f and df = 0:
2d(fw) = d(fu(n)(6%)) = de(n)(f6?) = —u(n)d(f6%) + L(n)(f6?)
C

)
= —()[(df)(6*)] = —e()[(¢(9-1)(0))(67)]
= 2 [e(0-£)(0%)] = —1(D.f) (2 A 07),

as required. [
Corollary 4.2. For all x € M, the form z,(fw) is closed.

Proof. We have
2d[z.(fw)] = 22.(d(fw)) = —2((0:f)( A 6?)) =0,
since z,(z A 6%) = 0. [

By corollary 4.2, the one form z.(fw) defines an element of the cohomology class
H(z', £?). This element will be denoted by [z.(fw)]. Note that for any v € z € M,
we have v A [z, (fw)] = 0, since v A z.(w) = 0.

Now if X is any oriented two-dimensional vector space, since X’ is homotopic
to an oriented circle, the cohomology group H'(X’, A) is canonically isomorphic to
A, for any abelian group of (constant) coefficients A. Denote by [, the canonical
isomorphism [, : H' (X', A) — A, for any A.
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Definition 4.3. The Radon transform of any function f € C°°(V,-2) is the
function @(f) € C(M, 2?), defined by the following formula, for any = € M:

(/) (x) = (2m)"! / (2 (fw)]. (4.1)

The Radon transform is the linear operator @ : C°°(V, —2) — C°°(M, £2?), taking
each f € C*°(V,—2) to its Radon transform &(f).

The standard twistor Radon problem may now be stated succinctly as follows: if
the space V' has dimension four:

1. determine the range of the operator @,
2. show that the operator @ is an isomorphism onto its range, and

3. find an explicit inverse for @.

In this work parts 2 and 3 of this problem are solved, but not part 1. We allow the
space V' to have any finite dimension greater than three.

We may write out equation (4.1) more explicitly, as follows: if we pull back the
function @(f) along the map mn, to the space A, then the function @(f) becomes
a function of a pair of vector variables (v,w), with v € V, w € V, v Aw # 0
and x = mn(v,w). Then the circle of points of z’, given by vcosf + wsin, with
6 € [—m,w|, with its natural orientation, represents the positive generator of the first
integral homology group of the space a’. The pullback of the form x,(w) to this circle

is the form v A wdf. Then equation (4.1) gives the following formula:

O(f)(v,w) = 27) v Aw f(vcosf + wsinB) df. (4.2)
So the function &(f) defined by formula (4.1) exactly agrees with the function @(f)
as discussed in the introduction.

Now the function @(f) obeys a second-order differential equation. To see this, first
extend the vector field E to act on C°°(M, 2?), by requiring that E act trivially on
22, Direct calculation gives E(®(f)) = ®(E(f)) + §(@(f)). Note that the operator
E preserves homogeneity, so maps the space C*°(V,—2) to the space V ® V* ®
C>(V,—-2). Extend the derivation d to act on the space 2 ® T, by giving it the
trivial action on the algebra T. Also put F' = E — §, so that we now have the
equation F(P(f)) = ®(E(f)), for any f € C(V,—2).

Now the quantity F(@(f)) is a smooth function on M taking values in the space
Tt ® 22, so also may be regarded as a function taking values in the space T}, skew
in its last two indices. Denote by AF(®(f)) € C(M, 2*(V*) ® §23) the composition
of the function F(&(f)) € C°(M,T) with the skew symmetrization map A.

Lemma 4.4. For any f € C*°(V,—2), we have the following identity:
ANF(P(f)) =0. (4.3)

Proof. At any x € M, we have

NF(r(f))(x) = Adrd(E(f))(z) = A ( / [2w*(E(f)w)]>

=A(/[x*(azf)®z®(z®6—e®z)]> —0.
Here we have used the relation A(z ® (2 @60 —0® z)) =22 A2 A0 =0. [
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Equation (4.3) amounts to a kinematic equation (see the remarks after equation
(4.9) below). We need to work harder to get the required field equation.

Denote the operation of interchanging the pth and ¢th indices of a tensor by SP9,
for contravariant indices and by S, for covariant indices. Now, on quantities defined
on the space V, the second-order differential operator £ ® E acts as the operator
EQFE =2®00,2200, = 20000, +202®0,®0,. Then, applying S'? to both sides
of this formula, we get: S'?(EQFE) = 0280, +220280,®0, = IQE+20220,K®0,.
In particular, we see from this relation that the operator S?(E ® E) — d ® E is
totally symmetric. Thus the field @(f) obeys the field equation that the quantity
[S12(F® F) — § ® F]®(f), regarded as taking values in the space Ts ® 22 is totally
symmetric in its tensor arguments.

Denote by U(®) the quantity [S'?(F ® F) — 6 ® F]®(f), regarded as a function
on M, taking values in the space T3 ® £22. Then we have the decomposition U(®) =
UL(®) + ULy (@) + U H(®) + UZ{ (®), where the quantities UP(®), for p* = ¢* = 1
obey the relations S'2(UP(®)) = pUP(®) and S (UP(P)) = qUP(P). However, the
quantities UL, (®) and U, ' (&) vanish identically because the operators E represent
the action of the Lie algebra g. Thus we have just U(®) = U (®) + U_{(®).

So the condition that U(®) be totally symmetric, i.e. that U(®) = Ui(P), is
equivalent to the condition that the quantity U__11(925) vanishes. Therefore, the field &
obeys the field equation that the completely skew part of the quantity [S1?(F® F) —
d ® F]9(f) should vanish, or equivalently that the totally skew part of (F® F + 6 ®
F)®(f) must vanish, so that A(FQF+0QF)®(f) = 0. Note that A(FQF+IQF)P(f)
is an element of 2 ® 2(V*) ® C>(M, 2?).

We may summarize the above discussion with definition 4.5 and lemma 4.6 as
follows.

Definition 4.5. The linear space Z(M) is the space of all smooth §22-valued
functions ¥, defined globally on the space M, and obeying the following relations,
valid for any v € x € M:

vA¥(z) =0; (4.4)
AF(¥)(z) = 0; (4.5)
NFRF 4+ F)(¥)(x)=0 (4.6)

Lemma 4.6. The map F has range in the space Z(M).

A separate proof of lemma 4.6 is given below (lemma 8.4). Because of lemma 4.6,
we henceforth regard the linear operator F' as a linear map, F' : C>(V, -2) — Z(M).
We next state the main conjecture.

Conjecture 4.7. The map F : C>*(V,—-2) — Z(M) is an isomorphism and its
inverse may be explicitly given.

The purpose of the present work is to prove, using complex analysis, the following
result.

Theorem 4.8. The map F' : C>*(V,—-2) — Z(M) is an isomorphism on to its
range and its inverse may be explicitly given.

A precise statement and proof of theorem 4.8 is provided in theorem 9.2 below.
To proceed further we need to simplify the field equations. Using indices the desired
equations, given in definition 4.5, for a field ¥, defined globally on M and taking
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values in £2? are the following three equations, valid for all v € x € M:
olewf(z) = 0; (4.7)
ELw) (z) + 2620 (z) = 0 (4.8)
BBy (2) + 4B WA (2)65] + 02 B 0 (x)
+ 45707 (2)35] + 261851 () = 0, (4.9)

Here the field ¥*P is skew in the indices o and f. First, pull back the field ¥ to

the space N, along the map m. Then equation (4.7) holds if and only if we have

the decomposition ¥ = X1, where X is the §2?-valued coordinate function of the

space §22 restricted to the space N and % is a scalar field, globally defined on N,

homogeneous of degree minus one in the variable X. Then calculating the derivative

EW), we get E(¥) = 0(X)¢Y + XE(), or F(¥) = XE(¢). Then we have
(ANF(0))5P7 = 2X 8 x1€g5 4p = 0.

Therefore, given equation (4.7), equation (4.8) follows automatically, confirming the
statement above that equation (4.3) is only a kinematic equation. Equation (4.9)
now reduces to the simpler equation A(E® E + 6 ® E)y = 0. Using indices this field
equation is the following:
[ 70] [ Bl _
Eh E5] Y+ 5[7 5] P = 0. (4.10)
Next we pull the field ¢ back to the space A along the map n, via the relation
X = vAw, with (v,w) € A. Then the operator E decomposes as E = v®0, +w® 0,
where (v, w) are the V-valued coordinate functions for V' x V" and 9, and 9, are the
corresponding V*-valued coordinate vector fields. This entails the following relation:
NERE)=-N[S?0v®0, 0080, +v®J, ®w® Dy
FWR Oy RUVR Ty +wWR Dy @W R Oy )]
= ANVRUVRH Ry +WRVR Dy @Oy + VR WK Iy @ Oy
FUWRWR Dy Ry +IRVR Iy + IR W Dy)
=N WwWRUVR®J Ry +VRWR Dy ® I, + IR E). (4.11)
Equation (4.11) gives the formula:

NEQRE+IQE)=—N(wQv® 0y, ®0w +0QWR 0y @ 0y)
=2(v Aw) ® (Oy A D). (4.12)

Since v A w # 0, on the space A, the field equation is reduced just to the equation

(O A\ Oy) (1) = 0.
Alternatively, we may pull back the function ¢ to the space H, along the maps
X, using the relations X = £2(*TA(~, for ¢ € H. This leads instead to the formula:

MERE+6QE)=-AN((Q¢(Q Q@+ )
=2(CA Q) ® (9 N Og). (4.13)

Since ¢ A ¢ # 0, the field equation is reduced just to the equation (9; A 97)(¢) = 0.
This equation in turn may be reformulated by introducing the (0,1)-form on the

space H, B(¢) = 1(9¢¥)(dC).
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Lemma 4.9. The (0,1) form () on H is O-closed, 3(1)) = 0, if and only if v
obeys the field equation (9¢ A O¢)(¢) = 0.

Proof. We have

9B(¥) = —u((O¢[e(9c)) dc]) d¢
= ([e(e(9g N Oc(¥)) dC])) dC = 0,
if and only if (9¢ A 07)(¢) = 0. [

5. The invariant Hilbert transform

Let X be a two-dimensional oriented real vector space. Then the Hilbert trans-
form is a complex structure for the space C°°(X,—1), i.e. a linear isomorphism
H:C>(X,—1) = C*(X,—1), such that —H? is the identity operator. For the case
that X is R?, with its standard orientation and for any given f € C°°(R?, —1), the
traditional formula for the transform H(f) will be described next. First define an
auxiliary function h(f)(6, z,y) for (6, z,y) € Rx (R?)" by the formula, valid whenever
xsinf — ycosd # 0O:

(xsinf —ycosO)h(f)(0,x,y) = f(cosh,sinf) — (zcosh + ysinb) f(z,y). (5.1)

Lemma 5.1. The function h(f) of equation (5.1) has a unique smooth extension
(still called h(f)) to the space R x (R?)’.

Proof. The differential of the function xsiné — ycos @ is
(sinf) dxz — (cos#) dy + (x cos 6 + ysin b)) d6,

which never vanishes. So we need only to show that the right-hand side of equation
(5.1) vanishes whenever the quantity zsin® — ycosf vanishes for some (0, z,y) €
R x (R?). But if (,z,y) € R x (R?)’ and zsinf — ycos® = 0, we have y = tsinf
and x = tcosf, for some (unique) 0 # t € R. The right-hand side of equation (5.1)
may then be rewritten as f(cos,sinf) — (tcos?§ + tsin? @) f(tcos 0, tsinh) = 0, as
required, using the homogeneity of f. |

Note that the function h(f) is periodic: h(f)(0 + 7, z,y) = h(f)(0,z,y), for all
(0,2,y) € Rx (R?)". The Hilbert transform of f € C*(R?, 1), H(f) € C*(R2?, 1)
is defined by the formula:

T /2

h(F) (0,2, y) de:wl/ W) O, 2,9)d0. (5.2)

—m/2

H(f)(,y) = (2m)! /

—T

Equation (5.2) is valid for all (z,y) € (R?)’. We may verify that this expression
agrees with more traditional formulas for the Hilbert transform as follows.
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Put x = rcosa and y = rsina, for 0 < r € R and o € R. Then we have,
successively,

/2

H(f)(a,y) =7 / B(F)(O + oz, y) A9

—7/2

/2

= p.v.(7r) ™! / /Q[COSOt sin(f + ) — sina cos(f + a)]7*
X [f(cos(0 + a),sin(f + «))

— (cosacos(f + ) + sinasin(f + «)) f(cos a, sin )] A

w/2
=pv.(mr)! / (sing)~!

—m/2
X [f(cos(0 4+ «),sin(f + «)) — cos 0 f(cos a, sin )]

/2
= p.v.(mr) ™! / /Q(Sin 0) ! f(cos(8 + ), sin(f + «)) df

a+m/2
= p.v.(mr)! / (sin(d — a)) "' f(cos 6, sin §) dO

—m/2

=pv.(n)7! /00 (wt — )" f(1,t)dt

— 00

oo
=pv.(n)~t / (z —yu) " f(u, 1) du. (5.3)
—0o0

In equation (5.3), the term p.v. stands for the Cauchy principal value of the integral.
It is not needed for the first line, since the integrand h(f) is everywhere smooth.
In going from the third line to the fourth, we have dropped the integral of cot 6.
This is valid since cot # is an odd function, only singular at the origin in the range
—m/2 < 0 < /2. So the Cauchy principal value of its integral is zero. The final line
of equation (5.3) gives two traditional formulas for the Hilbert transform. The first
is valid provided z # 0 and the second is valid provided y # 0.

Given any f € C*°(R?,—1), we also construct a pair of holomorphic functions,
H*(f), as follows:

/2

HE(f)(2,y) = (2177)1/ f(cosB,sinf)(zsin —ycosh) *do
—7/2

= (217?)_1/_00 f(,t)(xt —y)~tdt = (2ir) ! /_Oo fu, 1) (x — yu) "' du.
(5.4)

Here x and y are complex and non-zero; the domain of H*(f) is given by Im(y/x) >
0, and the domain of H~(f) is given by Im(y/x) < 0.

Note that the functions H¥(f) are each homogeneous of degree minus one in
the pair (z,y). Then the fundamental properties of the Hilbert transform may be
summarized as follows (Muskhelishvili 1968; Bell 1992)). First, the functions H*(f)
possess smooth extensions (still denoted H*(f)) to the closure of their respective
domains in (C2)". Denote by g H*(f) the restriction of (the extensions of) H*(f) to
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(R2)’. Then the functions g H*(f) are elements of C*°(R?, —1) ® C and we have the
relations,

RHY(f)—rH(f)=f  =H'(f) +rH (f) = —1H(f). (5-5)

Further, the functions H*(f), satisfying these properties, are unique. Note that
it follows immediately from the uniqueness that the operator —H? is the identity
operator. Also we have the complex conjugation relations,

[HY ()@ y)) = —H(f)=",y), (5.6)
valid for all (z,y) € (C?)’, with z # 0 and Im(y/z) > 0;
[H " (f)(@,y)] = —rH " (f)(z,y), (5.7)

valid for all (z,y) € (R?)".

Example 5.2. Consider the case that f(z,y) = (ax + By)(azx? + 2bxy + cy?®) 7L,
for all (z,y) € (R?)’, where the real constants a, 3, a, b and c satisfy the conditions:
a and 3 are not both zero, 0 < a, 0 < ¢ and 0 < ac — b?. Define the quantities
k= (ac—b*)"2, v =k Y aB—ba), § = k=1 (bf—ca) and € = k~2(ca® — 2baf+aB?).
N(ice that € > 0. Then we find the following formulas for the functions H(f) and
H(f):

H(f)(z,y) = (yo + 0y)(ax? + 2bay + cy?) 7, (5.8)
valid for all (z,y) € (R?)’;
2H*(f)(@,y) = el(a +iv)z + (B +id)y] ", (5.9)
valid for all (z,y) € (C2), with z # 0 and In(y/z) > 0;
2H (f)(2,y) = €[(iv — @)z + (i6 — B)y)] (5.10)

valid for all (z,y) € (C?)’, with  # 0 and Im(y/z) < 0.
Note that Im[(a+iv)/(B+i6)] = (By—ad) (32 +6%)"t > 0, since By—ad = ke > 0,
so both the functions H*(f) are well defined on their domains.

We next reformulate the Hilbert transform invariantly. So let X be any oriented
two-dimensional real vector space and let f € C>°(X, —1) be given.

Lemma 5.3. There exists a unique smooth function h(f) € C*° (X’ x X'), homo-
geneous of degrees minus one in each of its X' arguments and taking values in X*,
such that we have the following relation, valid for all (u,v) € X' x X':

fwu = f(v)o = o(h(f)(u,v))(uAv). (5.11)
An equivalent definition of h(f)(u,v) is
(h(H)(w,0))(u) = =f(v),  o(h(f)(u,0)(v) = = f(u), (5.12)

valid for all (u,v) € X’ x X'.

Proof. If u € X and v € X are such that u A v # 0, then the pair u,v forms a
basis of X. Let u*,v* be the dual basis of X* (so we have u*(u) = v*(v) = 1 and
v*(u) = u*(v) = 0). Then put h(f)(u,v) = — f(v)u* — f(u)v*. As the vectors u and v
vary, this gives a well-defined function h(f) satisfying the requirements of the lemma
whenever u A v # 0. It remains to show that the function h(f) extends smoothly
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to the space of all (u,v) € X'xX’. Fix the vector u € X'. Let the pair u,w be a
basis of X for some fixed vector w € X, with dual basis v*, w*. If now v € X’, then
v = su + tw, for some unique real numbers s and ¢, not both zero. Then we have the
following relation, valid for any real ¢ # 0:

h(f)(u,v) = —f(su+ tw)u* — 7 (f(u) — sf(su+ tw))w*. (5.13)

By Taylor’s theorem there exists a unique smooth function k(f)(s,t,u,w), defined
for all (s,t) € (R?)" and all pairs u,w € X x X, with u A w # 0, such that whenever
t #0 and u A w # 0, we have the relation:

7 (f(u) — sf(su+tw)) = k(f)(s,t,u,w). (5.14)

Then the formula h(f)(u,v) = —f(su + tw)u* — k(f)(s, t, u, w)w*, with v = su + tw
extends the function h(f) smoothly (and uniquely, by continuity) to the space of all
(u,v) € X' x X', [ |

Note that by uniqueness, we have h(f)(u,v) = h(f)(v,u), for all (u,v) € X’ x X".

Next consider the one form n(f)(v) = ¢(h(f)(u,v))(du). Then n(f)(v) is a smooth
one form, globally defined on X’, smoothly varying as v € X' varies and homogeneous
of degree minus one in the variable v € X’.

Lemma 5.4. The one-form n(f)(v) is closed: dn(f)(v) =0, for all v € X'.

Proof. By continuity, we may assume u/Av # 0. Using lowercase Latin abstract in-
dices for the tensor algebra of X, we have n(f)(v) = h(f)q(u,v) du®, where h(f)q(u,v)
obeys the defining relations u®h(f)q(u,v) = —f(v) and v*h(f)q(u,v) = — f(u), given
in equation (5.12). If 0, denotes the derivative with respect to the variable u?, it
must be shown that d,h(f), is symmetric in its index pair. So, since u A v # 0, it
is sufficient to demonstrate that 0 = (u®v® — v*u®)d,h(f). Now, using the defining
relations of h(f), and the formula 9,u’ = §%, we have

(u0” = v*u)Dah(f)y = uda(VPh(f)s) — v*Oa(uh(f)s) + v*OLR(f)y
= v"h(f)a — u®0u(f(u)) + v*0u(f(v))
= —f(u) = udu(f(u)) =0,

as required. [ ]

Corollary 5.5. For each v € X', the form n(f)(v) defines an element [n(f)(v)]
of H' (X', R), depending smoothly on the vector v. There is then a unique function
Hx(f) € C*(X,—-1), such that Hx(f)(v) = (2n)~" [ ([n(f)(v)]), for all v € X'

Definition 5.6. For any X a real two-dimensional oriented vector space and for
any f € C*°(X,—1), the function Hx(f) of corollary 5.5 is the Hilbert transform
of f. The Hilbert transform for the space X is the linear map, Hx : C*°(X,—-1) —
C*>(X,—1), which takes any function f € C°°(X,—1) to its Hilbert transform
Hx (f).

Lemma 5.7. Hy(f\) = Hx(f)\ forany f € C*°(X,—1) and forany A : Y — X,
an isomorphism of oriented two-dimensional real vector spaces X and Y.

Proof. The construction of the Hilbert transform is obviously functorial, with OK?

respect to such isomorphisms. |
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Lemma 5.8. If X = R?, with its standard orientation, then the operator Hx
agrees with the operator H defined in equation (5.2) above.

Proof. Take X = R? and map the real interval [—7, 7] to R? by the formula:
s(0) = (cosb,sinb), for any 6 € [—m, 7]. Then we have the integral formula for the
quantity Hx (f)(z,y), for any (z,y) € (R?)":

™

Hx (f)(z,y) = (QW)_I/ s"(n(f)(z,y)) do. (5.15)

—Tr

Put u = (p,q) € (R?) and v = (z,y) € (R?)". Then n(f)(x,y) = ho(f) dp+hi(f) dg,
where the functions ho(f)(p,q,x,y) and h1(f)(p,q,x,y) are given, whenever qr —
py # 0 by the formulas (from equation (5.11)):

(qz — py)ho(f) (0, @, 2,y) = yf(2,y) — af (p, q), }
(qz — py)ha (f)(p, a,2,y) = —xf(2,y) + pf (p, )
Then we have the pullback formula:
s*(n(f)(x,y)) = [—ho(f)(cosB,sinb, x,y)sind + hy(f)(cosh,sinb, x,y) cos ] df
=g(f)(0,2,y)db,

where the smooth function g(f)(6, z,y) is defined for all (§, z,y) € R x (R?)’, by the
formula:

(zsin® —ycos®)g(f)(0,z,y) = —sinf(xsind — ycosO)ho(f)(cosb,sin b, x,y)
+ cosf(xsin® — ycosO)hy(f)(cosh,sinb, x,y)
= —sinflyf(z,y) — f(cosb,sin ) sin b]
+ cosO[—zf(x,y) + f(cosB,sinb) cos 0]
= f(cosf,sinf) — (xcos@ + ysinb) f(z,y). (5.17)
Equation (5.17) is valid whenever zsinf — ycosf # 0 and elsewhere the function

g(f) extends by continuity.
So now we have the expression:

(5.16)

Hx(P)a.9) = @) [ g(7)(6..9) 0. (5.18)
But equations (5.17) and (5.18) are in exact agreement with equations (5.1) and
(5.2), so the lemma holds. [

Corollary 5.9. The operator —H?%- is the identity operator, for any X.
Proof. Pick an isomorphism A : X — R? and apply lemmas 5.7 and 5.8. |

Finally, we provide an invariant definition of the functions H=(f). Denote by D(X)
the domain of all ( € X¢, such that ¢ A { # 0. Then define a complex-valued one
form p(f)(¢) on the space X’ by the formula, for any ¢ € D(X):

(u A 2)(p()(€)) () = 5if(wu A du. (5.19)

If w € X and ¢ € D(X), denote by (u*,(*) the basis dual to the basis (¢, u) of X¢.
Then ¢(u*)(u A ¢) = —u and ¢(u*)(u A du) = —u(t(u*)(du)) so we may also write
out the one form p(f)(¢) explicitly as follows:

(P(F(E)(u) = 3if (u)(e(u")(du)). (5.20)
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Lemma 5.10. The one form p(f)(C) is closed: dp(f)(¢) =0, for any ¢ € D(X).

Proof. Since t(u*)(¢) = 1, we have ((du*)(¢) = 0. It follows that du* = C
for some one form «. Since t(u*)(¢) = 0, we have ¢(du*)(u) + ¢(u*)(du) = 0, so
ar(¢*)(u) 4+ ¢(u*)(du) = 0, so a = —¢(u*)(du). Then we have, from equation ( )

2i[d(p(S)(EN)N(w) = e(du”)(u)df — f(u)e(du”)(du)

= (e(u”)(dw))(¢(Ouf)(du)) + f(u)(e(u”)(du)e(C)(du)).  (5.21)
Now let (0, f)(u) = p(u)u* + q(u)¢*, for all uw € X’. Then in particular we have
1(Ouf)(u) = —f(u) = q(u). Inserting these relations into equation (5.21), we get

=2i[d(p(S)()](w) = p(u)(e(u”)(dw)) (e(u")(du)) = f(u)((¢7)(dw))((u")(du))
= J(w)(u(u”)(du)) () (du)) = 0. (5.22)
n

Corollary 5.11. For each fixed ( € D(X), the form p(f)(¢) defines an element
[p(f)(Q)] of H'(X',C).

Denote by P(f)(¢) € C the quantity (2m)~" [ [p(f)(z)] and by P(f) the function
on D(X) whose value at any ¢ € D(X) is P(f)(().

Corollary 5.12. As ¢ € D(X) varies, keeping f fixed, the function P(f) is holo-
morphic on D(X) and homogeneous of degree —1 in the variable (.

Now the domain D(X) is the disjoint union of two open subsets: D(X) = D (X)U
D_(X), where D4 (X) is by definition the set of all ¢ € D(X), such that (¢*,+(7)
is an oriented basis of X.

Definition 5.13. The functions H3(f) are by definition the restrictions of the
function P(f) to the domains Dy (X)), respectively.

The functions Hi(f) of definition 5.13 are each holomorphic and homogeneous of
degree minus one.

Lemma 5.14. We have HE (fA) = Hx(f)Ac, for any f € C°°(X, —1) and for any
A :Y — X, an isomorphism of oriented two-dimensional real vector spaces X and
Y, with complexification A¢ : Yo — Xc.

Proof. The construction of the quantity H )jg( f) is obviously functorial, with respect
to such isomorphisms. ]

Theorem 5.15. The functions H jE( extend smoothly to functions defined on
the closure of the domains Dy (X) in X l Denote by g HE(f) the restrictions to
X' of the extensions of Hy(f). Then RH (f) e C=(X —1) ® C and we have the
decompositions:

rH(f) —rHx(f) = f; (5.23)
RHX(f) +rHx (f) = —iHx(f). (5:24)

Furthermore, these decompositions are unique.

Phil. Trans. R. Soc. Lond. A (1998)


http://rsta.royalsocietypublishing.org/

'y
fA \

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

o \

.
/ |
L

y \

r

A

SOCIETY

A

OF

A

OF

Downloaded from rsta.royalsocietypublishing.org

Inversion for the Radon line transform 3061

Proof. Using a suitable isomorphism X : X — R2, by lemma 5.14, it is suffi-
cient to establish this result when X = R?, equipped with its standard orientation.
Henceforth assume X = R?, with its standard orientation. Then we must show that
Hi(f) = H*(f), for any f € O°(X, —1), where H*(f) is defined by equation (5.4).

Let (z,y) € C? be such that 27 — yT # 0. Note that neither x nor y is zero. Now
the ordered pair of vectors Re(z,y) and Im(z,y) form an oriented basis of R?, with
its usual orientation, if and only if

0 < Re(z) Im(y) — Im(z) Re(y) = (41) '[(z + T)(y = 7) — (= = 7)(y +7)]

= 20) [+ ] = 2iam) o/ — 3/7)
= (27) 7' Im(y/z).
So D (R?) is the domain of all (z,y) € C?, such that z # 0 and +Im(y/z) > 0.

Then we have, using the map s introduced in lemma 5.8 above:

™

Hx (f)(z,y) = (27T)_1/ s"(p(f)(z,y))(0) do. (5.25)

—T

Now s*(du)(8) = (—sinf,cosf)df and when u = (cos6,sinf) we find, from the
definition of u*, given after equation (5.19), that u* = (—sinf,cos) (—xsinf +
ycosf)~L. So s*(¢e(u*)(du))() = (—xsinf + ycos§)~1 df. So by equation (5.20), we
have

s*(p(f)(z,y))(0) = —Lif(cosf,sinf)(zsing — ycosd) " db.

Then equation (5.25) becomes the following;:

HE(f) (2, y) = (4ir) ! i f(cos®,sinf)(zsinh —ycosf)~*do

/2
= (2in)~! / f(cos®,sinf)(zsinf —ycos )™t db. (5.26)
—m/2

Here HE(f)(x,y) is defined for +Im(y/z) > 0. Comparing equations (5.4) and
(5.26), we find exact agreement. [

Corollary 5.16. For all ( € (X¢)' in the closure of D1 (X) and for all f €
C*(X,—1), we have the relation,

(H* () = —H"(/)(Q)- (5.27)
For all v € X’ and for all f € C*°(X,—1), we have the relation,
(H*(f)(v)) = =H"(f)(v). (5.28)

Proof. These relations follow from the uniqueness of the decomposition of equa-
tions (5.23) and (5.24), by taking the complex conjugates of equations (5.23) and
(5.24) and using the fact that the function f is real valued. [

Example 5.17. Take f(v) = g(a,v)g(v,v)~ !, for any v € X', where a € X’ is
fixed and g is a symmetric bilinear form on the complex vector space X¢, which is
real and definite when restricted to the space X. Let b € X’, be the unique vector
such that such that g(a,b) = 0, g(b,b) = g(a,a) and the pair (a,b) is an oriented
basis for X.
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Then we have the following expression for the function h(f), valid for any (u,v) €
X' x X"

h(f)(uv U) = [g(a’v )g(ua U) - g(uv )g(a7 ’U) - g(”? )g(a7 u)”g(uv u)g(v7 U)]_l' (529)

Using definition 5.6, we find the following formula for the function H(f), valid for
any v € X'

H(f)(v) = —g(b,v)g(v,v)"". (5.30)

Then D4 (X) = ¢ € X¢; £Im(g(¢,b)/9(¢, a)) > 0 and the functions H*(f) are given
as follows:

+2H(f)(¢) = —g(a,a)[-g(¢,a) £ ig(¢,b)] 7, (5.31)
valid for all ¢ € Dy (X).

6. Application of a sheaf cohomology exact sequence

For any integer m, denote by ©(m) the sheaf of germs of holomorphic sections of the
holomorphic line bundle over the space Pc of Chern class m.

In this section we take d(V) = n + 1, where n > 3, n integral and prove the
following theorem.

Theorem 6.1. The cohomology group H'(Pc — P;©(—2)) vanishes.

We begin with a standard exact sequence for a triple consisting of X a compact
complex manifold, S a closed subset of X and L a holomorphic line bundle over X.

For each integer k, H*(S, L) is by definition the space of all smooth J-closed
(0, k) forms with values in L, defined on some open set U containing S, modulo the
equivalence relation o = 3, if and only if there exists an open set U’ containing S,
such that U’ is in the domain of definition of both o and 8 and a — 3, restricted to
U’ is 0-exact.

Lemma 6.2. There is an exact cohomology sequence:
L HE(X, L) 25 HY(S, L) 2 HEU(X - S, L) S g (X L) 2
Here the subscript c refers to cohomology with compact supports.

Proof. The maps of the exact sequence are as follows:

pr : H*(X,L) — H*(S, L) is the natural restriction map.

er : H**Y(X — S, L) — H*1(X, L) is the natural extension map, extending by
zero any form of compact support in X — S to the whole of X.

Op : H*(S,L) — HK+1(X — S, L) is defined as follows: let a representative 0-closed
(0,k) form « be given defined on an open subset U containing S. After shrinking
the domain of o and smoothing to zero, we can construct a (0, k) form 3, globally
defined on X, which agrees with a on an open subset U’ of U, where U’ contains S.
Put v = 8. Then it is clear that + has compact support in X — S and 9y = 0, so
7 represents an element of H**1(X — S, L). By definition this element is the image
under 6, of the element of H*(S, L) represented by .

It is easy to check that the maps are well defined and that the sequence is indeed
exact. ]
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Corollary 6.3. There is an exact cohomology sequence, for any integer m:

HN(Pe,©(m)) 25 HH(P,O(m)) 2 HET (Pe = P.Om)) 5 H* ! (Pe, O(m)).
Lemma 6.4. The group H'(Pz,©(—2)) vanishes.

Proof. A direct proof that the group H'(Pg,©(—2)) vanishes is given in corol-
lary 7.15 below. Alternatively, this lemma is a special case of the Borel-Weil-Bott
theorem, which in particular demonstrates that the sheaf cohomology of holomorphic
line bundles over complex projective space is concentrated in the lowest and highest
dimensions. |

Corollary 6.5. The group H" '(P¢,0(1 — n)) vanishes.

Proof. By Serre duality, the group H" !(Pc,0(1 — n)) is dual to the group
H™(Pe,©(n—1)). In turn the group H™!(P¢, ©(n — 1)) is naturally isomorphic to
the group H'(Pc, ©(—2))@ 02" (V). Now, by lemma 6.4, the group H' (Pc, ©(-2))
vanishes. Therefore, the group H™!(Pc, ©(n—1)) vanishes. So by Serre duality again,
the group H" 1 (Pc,©(1 — n)) must vanish also, as required. (Of course this result
also is included in the Borel-Weil-Bott theorem.) |

Lemma 6.6. The group H"2(P,0(1 — n)) vanishes.

Proof. If U is open and U contains P, then there is an open Stein submanifold
U’ of P, such that U D U’ > P. So the group H" 2(U’,©(1 — n)) vanishes, since
n > 3. So the group H"~2(P,O(1 — n)) vanishes. [

Proof of theorem 6.1. Consider the part of the sequence of corollary 6.3, with
m = 1 — n starting at the group H"~2(P,0(1 — n)):

H'2(P,6(1 — n)) =% H"Y(Pe — P,O(1 — n)) =% H" (Pe, O(1 — n)).

By lemma 6.6, the group H"~2(P,©(1 — n)) vanishes. By corollary 6.5, the group
H"1(Pc,0(1 — n)) vanishes. Therefore, this part of the exact sequence becomes:
0 — HY(Pc— P,O(1 —n)) — 0. Since the sequence is exact, we deduce that the
group H*» Y(Pc — P,O(1 — n)) vanishes. By Serre duality the group H? 1(Pc —
P,O(1 —n)) is dual to the group H™!(Pc — P;0(n — 1)). It follows that the group
H™(Pc — P;O(n — 1)) also vanishes. The group H™!(Pc — P;©(n — 1)) in turn
is isomorphic to the group H'(Pc — P;0(—2)) ® 2" (V{). Therefore, the group
HY(Pc — P;0(-2)) ® Q"F1(V¢) also vanishes. But the space 2"T1(V%) is a one-
dimensional vector space, so is non-zero, so the group H'(Pr — P;©(—2)) must
vanish, as required. [ |

Corollary 6.7. If 3 is a O-closed (0,1) form defined globally on Pc — P, taking
values in ©(—2), then there exists a unique smooth section c, of ©(—2), globally
defined on Pr — P, such that o = f3.

Proof. Since 3 is O-closed, it represents an element of the cohomology group
H'(Pc— P;©(—2)). But this group vanishes by theorem 6.1. Therefore, 3 is J-exact,
so some global (on Pr — P) section a of ©(—2) exists, such that da = . If also
another global section 7 of @(—2) exists, with 97 = 3, then we have d(a—7) = 0, so
the section a— 7 is holomorphic. Let y € Pc — P. Then y lies on at least one (actually
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infinitely many) projective line of Pr, which does not intersect the subspace P. The
restriction of & — 7 to any such line must be zero, since the sheaf ©(—2) has no
non-zero global holomorphic sections on the projective line (by Liouville’s theorem).
Therefore, the functions o and t agree on such a line. In particular, a(y) = 7(y).
Since y was arbitrary in Pg — P, this establishes that @@ = 7 and the corollary is
proved. ]

7. The solution of the problem da = 3

By corollary 6.7, if 3 is a d-closed (0, 1) form taking values in ©(—2) and globally
defined on Pr — P, then a unique section « of @(—2) exists, smooth and global on
Pc — P, such that da = 3. One may then ask whether or not a formula can be given
for a in terms of 5. Remarkably, such a formula does exist and will be given in this
section.

For any (¢,n) € V&, with ( An # 0, denote by L((,n) the projective line in
Pg, through the points pc(¢) and pc(n). Equip the line L({,n) with its standard
orientation. For any open set W in Pg, we introduce the following spaces.

1. H(W): the inverse image of W in the space V{, under the natural projection
pc-

2. L(W): the space of all pairs ((,n) € V@&, with ¢ An # 0, such that the line
L(¢,n) lies entirely in W.

: the space of all triples (¢,n,u) € V& x Pg, such that (¢,n) € L(W) and
¢,m).

4. N(W): the submanifold of V3, consisting of all triples (¢,n,v) € VZ x V¢, such
that (C,%PC(U)) € M(W)

3. M(W)
L(

We also introduce the following maps.
1. w: M(W) — W, w(¢,n,u) = u, for any ({,n,u) € M(W).
2. n: N(W) = W, n(¢,n,v) = pc(v), for any (¢, n,v) € N(W).
3. N:N(W) — H(W), N(¢,n,v) = v, for any (¢,n,v) € N(W).

For any fixed ((,n) € L(W), denote by M((,n) the space of all triples ({,n,u) €
M (W), such that w € L({,n). Then the map w, restricted to the space M((,n) is an
oriented diffeomorphism onto its image, the space L((,n).

For W open in Pg, W will be said to be admissible if and only if, given any point
y of W, the space of all projective lines through y, lying entirely in W, is non-
empty and connected. Throughout this section, until corollary 7.19, W will refer to
an admissible open subset of Pc and 8 will be a O-closed (not necessarily g—exact)
smooth (0,1) form defined globally on W, taking values in the sheaf ©(—2).

If w is any form defined on the space M (W), and if (¢,n) € L(W), denote by
w(¢,n) the restriction of w to the space M((,n). If w is a two form on M (W) and
takes values in an abelian group A and if (¢,n) € L(W), denote by [w(({,n)] the
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class represented by w((,n) in the cohomology group H2(M(¢,n), A). Then define
L(w) € C*>°(L(W), A) by the formula, for any (¢,n) € L(W):

Lw)(C,m) = / (¢, ) (7.1)

M(¢m)

In equation (7.1), fM(g ;) 18 the canonical isomorphism:

/ H(M(C,m), A) — A
M(¢,m)

for any abelian group A.

Let the pair (¢,n) provide coordinate functions for the space L(W), and v a coor-
dinate for the space H (W), where each of the quantities ¢, n and v takes values in
V. Then the triple (¢, n, v) gives corresponding coordinates for the space N (W) and
on N (W) we have the relation v = A( + pn, for unique scalar functions A and pu,
defined globally on the space N(W). Put § = Adu — pdA. Denote by x the holo-
morphic one form on H(W), taking values in the space 22, given by the formula:
X = v A dv. Then the form y also represents a holomorphic one form globally defined
on the space W, taking values in Q(% ® ©(2). Similarly, the functions A and g may
be regarded as sections over M (W) of the pullback of the sheaf ©(1) along the map
w. Also the form 6 may be regarded as a holomorphic one form on the space M (W),
taking values in the pullback of the sheaf ©(2) along the map w. Then we have the
relation, valid for any ((,n) € L(W):

x(¢;m) = CAnO(C,n). (7.2)

One may represent the (0, 1) form 3 as 5 = +((B(v,7)) dU, where B is a smooth V-
valued function, globally defined on the space H(W) and homogeneous of degrees
(=2,—1) in the pair (v,7), such that «(B(v,7))T = 0. Henceforth we abbreviate
B(v,v) by B(v).

Now the product [y, being homogeneous of degrees (0,0) in the pair (v,T) rep-
resents a smooth (1,1) form defined on the space W, taking values in 2. Put
r'(g) = w*(Bx) and v(B) = w*(b)0, where w* is the pullback along the map w.
Then I'(3) and v(3) are (1,1) forms on M (W), taking values in 2% and C, respec-
tively. Therefore, the quantities &(3) = L(I'(5)) and ¢(5) = L(v(05)) are well-defined
smooth functions on L(W), taking values in the spaces 2% and C, respectively. Fur-
ther, from equation (7.2), we have the relation @(5) = (¢ A n)o(5).

Lemma 7.1. If the form 3 is -exact, then the functions ®(3) and ¢(/3) vanish
identically.

Proof. Fix any (¢,n) € L(W). We only need to verify that #(3)(¢,n) vanishes,

when 8 = Oa, for some a. If 3 = da, then we have By = d(ay), since the form y
is holomorphic. Since the restriction map to the space M((,n) is holomorphic, we
have, for any ((,n) € L(W) the following relations:

(Bx)(¢, ) = [0(ax)](¢,m) = Ol(ax)(¢,m)]
= (d = 9)[(ax)(¢,n)] = d[(ax)(¢, n)]- (7.3)

In equation (7.3), we have used the fact that, since the form (ax)({,n) is of type
(1,0), defined on the one-dimensional complex manifold, M (¢, n), it is killed by the
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O-operator. Equation (7.3) then shows that the form (8x)({,n) is exact and therefore
represents the zero element of the cohomology group H?(M (¢, n), £22). Hence from
the definition of @(3), we have &(3)({,n) = 0, so the functions () and ¢(3) vanish
identically, as required. ]

We next derive explicit expressions for the quantities ¢(/3) and @(3). It is sufficient
to give a formula for just the quantity ¢(3). We may use the ratios p = p/A\ and
o = A as (extended) complex coordinates for the Riemann sphere. These ratios
are related by the formula po = 1.

One has the following formulas, at any fixed (¢,n) € L(W):

= M¢+pn) = plo¢ +n); (7.4)
0 =X\dp=—p*do;
B = u(B(v))(dv) = «(B(v))(d[A
= A(e(B())(@)dp = A"u(B
= m(B())(d[(@C¢ +7)]) = A((B(v))(C)) do
= p2u(B(o¢ +n))(¢) do. (7.6)

In equation (7.6), we have used the fact that +(B(v)v = 0.
Then for any fixed (¢,n) € L(W), we have the following expressions for the form
v(B), using the homogeneity of the function B(v):

Y(B) = B0 = A(B(XC + pn)) () dp(A* dp) = (B(¢ + pn)) (1) dpdp
= a(B(XC + pm))(C) do(—p? do) = —u(B(o¢ +1))(¢)dodo.  (7.7)

Note that the function B({+pn) is smooth on the domain of all (¢, n, p) € L(W)xC
and the function B(o¢ + 1) is smooth on the domain of all (¢,n,0) € L(W) x C
and these functions are related, by the following formulas, valid provided p # 0 and

o # 0:
B(o¢+n) = p*pB(C +pn),  «B(aC+m)(C) = —(pp)*u(B(C + pn)(@). (7:8)
So now the integral giving the quantity ¢(3)(¢,n) may be written:

o(B)(Cm) = /M<< 10

- / WB(C + pn)(m) dpdp = — / (B0 + )@ dCde.  (7.9)

The integrals of equation (7.9) are taken over the whole complex plane, which is
equipped with its usual orientation. We wish to avoid all questions of convergence
of integrals at infinity, so we will rewrite equation (7.9) as a sum of manifestly finite
integrals, using the fact that |r| > 1, if and only if |s| < 1. Denote by D the set of
all complex numbers of modulus not more than unity, equipped with its standard
orientation, and by 0D its boundary, oriented counterclockwise.

Lemma 7.2. We have the integral expression, valid for any ((,n) € L(W):

P(B)(¢ ) = /D[L(B(C + M) (@) — «(BA +m))(Q)] dAdA. (7.10)
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Proof. We take either of the integral expressions of equation (7.9) and perform
an inversion on the part of the integral outside the unit disc D. The required result
then follows immediately, after using equation (7.8). [

Equation (7.10) shows that the function ¢(53) is globally defined and everywhere
smooth on the space L(W). Note that equations (7.8) and (7.10) are easily shown
to imply that the quantity ¢(3)(¢,n) is skew in its arguments:

¢(/8)(C777) = —¢(5)(777§)’ (7'11)

valid for all (¢,n) € L(W). In the following we shall use the chain rule frequently.
We shall use the following abbreviations systematically:

1. A- B for the quantity ¢(A)(B);
2. X for the variable ¢ + An and Y for the variable A 4+ 1 (where A € C);

3. Z for the variable ¢ +re'?n and U for the variable 7el’z + 7 (where  and 6 are
real);

4. 0y, Ox, O, and 9y for the partial derivatives 9/0N, /9N, 8/0r and 9/00,

respectively.
Lemma 7.3. The function ¢(3)(¢,n) is holomorphic in the variables ¢ and 7.
Proof . First, we differentiate equation (7.10) with respect to the variable 77. Using

the chain rule and the fact that the form 3 is -closed, we have the following formulas,
for any fixed A € V:

Oy - A(B(C + An) 1) = MOx - AB(X)) -7+ B(X) - A

= MOx(B(X)-4)) -7+ B(X)- A

= M5(B(X) - A)) + B(X) - A

= 0;[AB(X) - 4], (7.12)
0y - A(B(XC +m) - ¢) = (9yr - AB(Y)) - €

(B(Y) - A)]- ¢ =0x(B(Y) - A), (7.13)

D[AB(Q +An) — B(AC +n)] dA

S——

ATIB(C+ M) = ATIB(C+ A )] dA
D

=/ ATIB(C + M) dA/ [uB(¢ + pm)]p~2 dpp = 0.
oD oD
(7.14)

Hence the function ¢(3)(¢,n) is holomorphic in the variable n. By the skew symmetry
property of ¢(3), equation (7.11), the function ¢(3) must be holomorphic also in its
dependence on the variable (, as required. |
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Lemma 7.4. The function ¢(3)(¢,n) is homogeneous of degrees (—1,—1) in the
variables ¢ and 7.

Proof. We differentiate equation (7.10), using the chain rule and equation (7.8):

(@A) (Cm)) - ¢ = /D DeB(C + M) -7 — BOC +1) -

]-¢drdA
— [ (@xBCO) 7= A@vB(Y) - T - ¢ dTax
= [ ox(BEX) )+ (X = an) = 20y (B(Y) - D) dRax
:/D[—2B(X)-n—/\é)A(B(X)~n+B(Y)-C)]dAdA

= $(B)(C.m) — /D OAAB(X) -7+ AB(Y) - 0)] dXdA

= () + / B(C 4 An) -7+ ABOC +17) - 0]

oD
= (B + /8 FRB(C ) TN = AB(C+ X))
— 6(B)(Cm)- (7.15)

So the function ¢(/3) is homogeneous of degree minus one in the variable {. By skew
symmetry, equation (7.11), the function ¢(3) is also homogeneous of degree minus
one in the variable n, as required. ]

Next consider the form &(8) = vf360. Then for any ((,n) € L(W), the form
&(B)(¢,n) is a smooth (1,1) form, defined globally on the space M ({,n) and homoge-
neous of degrees (—1,0,—1,0) in the variables (¢,(,n,7), taking values in the sheaf
O(1) ® V. So the form £(6)(¢,n) represents an element of the sheaf cohomology
group HV'[M(¢,m),0(1)] ® Ve.

Lemma 7.5. Ifw is a (1,1) form on the complex projective space Pc(X) of X, a

two-dimensional complex vector space, taking values in the sheaf ©(1), then w = 9,
for a unique (1,0) form v on Pc(X).

Proof. The form w represents an element of the sheaf cohomology group
H(Pe(X),0(1)).
By Serre duality the group H'!(Pc(X),O(1)) is dual to the group
H*(Pc(X),0(-1)),

which is the space of global holomorphic sections of the sheaf ©(—1). But by Liou-
ville’s theorem, the only such section is the zero section. So both the cohomology
groups H(Pe(X),0(—1)) and HY!(Pc(X), ©(1)) vanish. Therefore, the form w is
O-exact: a smooth (1,0) form, v, taking values in ©(1), exists such that w = 9. The
ambiguity in the quantity v is measured by the cohomology group H*°(Pc(X),0(1)).
But this group is in turn isomorphic to the group H*?(Pc(X),0(-1)) ® 2%(X*),
since the space Pg(X) possesses a global everywhere non-vanishing holomorphic sec-
tion of the bundle of (1,0) forms with values in the bundle ©(2) ® £22(X*). Since
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H%%(Pe(X),0(—1)) vanishes, we have H'%(Pc(X),0(1)) = 0 and the form 1 is
unique. |

Applying lemma 7.5, we see that the form &(8)(¢,n) is O-exact: £(B)(¢,n) =
A(p(B)(¢,n)), for a unique (1,0) form p(B3)(¢,n). We find an explicit formula for
p(B), essentially by the standard method of Grothendieck, as follows. Define the
form w(B3) by the formula: w(B) = p~1£(B). Then the form w(fB) is a (1,1) form,
smooth everywhere on M (W), except where p = 0 and is homogeneous of degrees
(—1,0) in the variables (¢,¢) and (0,0) in the variables (1, 7).

The forms &(3)(¢,n) and w(5)(¢,n) are given explicitly by the formulas,

g(ﬁ)(C?"?) = Mw(ﬁ)(C7n)) (716)
w(B)(¢,m) = p~ (¢ + pn)B(C + pn) -Tidpdp
= —(o¢ +n)B(a¢ +n) - (do do. (7.17)

Lemma 7.6. The integral of the form w((3)({,n) over the oriented two sphere
M(¢,n), which represents the positive generator of the integral second homology
group of M((,n), is well defined and smooth in the variables (,n).

Proof. We construct an explicit formula for this integral. Denote the value of this
integral, if it exists, by «((,n). Using equation (7.17), the required integral may be
written as follows:

a(C,n) = / w(B)(C,m) = / ¢+ ) (B(C + p) 1) dpdp
M(¢,m)
_ / (¢ +m)(BloC + 1) -0 dodo = né(B) (C,m) + Co(C,m),  (7.18)
B(Com) = / B(C+pn)-lp " dpdp = — / 1B(o¢ + 1) - Todzrdo. (7.19)

Here each integral is to be taken over the whole complex plane, with its usual orien-
tation.
Splitting the integral for (¢, n) into two pieces, we have also

Gr(Cm) = /D B(C+ M) - A~ dXdA, (7.21)

a(Com) = /D [BO + 1) - L dRdA. (7.22)

Now the integral giving the quantity 9(¢,n) is clearly convergent and smooth in

the quantities ¢ and 7. Equation (7.21) may be rewritten as the following multiple
integral, using polar coordinates:

™ 1
1(¢,m) = 2i /_ /0 [B(¢ + re'?n) - e dr d6. (7.23)

In this form it is obviously convergent and smooth in the parameters ¢ and 7. The
lemma is proved. |
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Next we study the various derivatives of the quantity a((,n). First consider the
derivative (afiﬂg) -77. Using the chain rule, we have, since the function B(Y) is homo-
geneous of degrees (—2,—1) in the pair (Y,Y”), for any constant A € V:
=ANos(B(Y)-A)]-Y +AB(Y) - A
AOF(B(Y) - A)] - (AC+7) + AB(Y) - A

=[0:(B(Y)-A)]7q —I—XQ(%(B(Y) -A)+AB(Y) - A. (7.24)
In particular, we have from equation (7.24), after replacing A by (, the relation:
0=[0:(B(Y)- Q)] -7~ BY) 7+ X 05(B(Y) Q) + AB(Y) - C
= [0(BOY) - Q)] - T+ 5[} (B(Y) - O)] = B(Y) - (714 X)
[(()Z]ﬁai[(())]« (7.25)
Using equations (7.22) and (7.25), we have the following derivative:
[Otb2(¢,m)] -1 = D([az(B(Y) ~Q)] - AAAA
- / APN(B(Y) - 0O)dN = Ay, (7.26)
D
A= —/ AB(XC +n) - CdA. (7.27)
oD
Next consider the derivative (a?lﬂl) -7. If r > 0, we have, using the chain rule,

5¢(8/0r +ir~10/00)B(¢ + re'’n) = [(07B)(2)] - = (0:B)(Z) 7. (7.28)
Define an auxiliary function f by the formula:
rf(¢n,r,0) = B(C+re’n) — B(Q). (7.29)
The function f is defined by equation (7.29), for » # 0 and by Taylor’s theorem
extends smoothly to the surface r = 0. Then we may rewrite equation (7.28), as
follows, valid everywhere:

3¢ (0,7 +109) f(C, .7, 0) = (9 B)(C + ren) - 7. (7.30)
Using equations (7 8), (7.23) and (7.30), we find the following derivative:

[Oz41(¢,m)] - =2 /_W/(& (¢ +reln) - 7)) - e ¥ dr db
/_W/ (Orr +109)[f (¢, my 7, 6) - 7] dr dO

/[ﬂcmLm 7 do = i/[@+é%»n3@wmde

[B(C +€n) -m)do

—T
™

[B(e ¢ +1) - (] dd

= —2irB(() -7 +1

= =2irB(¢) - —1

\\

3

[BOAC+m) - (JAdA = =2inB(C) -7+ Ax.
(7.31)

= —2irB(Q) -7~

@\
b
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So now, putting together equations (7.20), (7.26), (7.27) and (7.31), we have
We may summarize as follows.

Lemma 7.7. We have the following expression for the derivative (8505) M
[Oza (¢, )] - 7 = —2im(B(C) - 7. (7.33)
Proof. We use equations (7.18) and (7.32), together with lemma 7.3. [

Next we tackle the derivative of «({,n) with respect to the variable 7. By equation
(7.18) and lemma 7.3, we have the formula: Oz = (Oz%, so it is only necessary to
calculate the quantity dz¢. From equation (7.22), using the chain rule, we have

%wa(émb/D[aﬁB(Achn)- IAdXdA

— [ e (B)- QR = [ [0y OB IR
D D

:/[%B(Y)])\d)\dk

D

= / B(AC +n)AdA. (7.34)
oD

Note that in going from the second to the third line of equation (7.34), we have used
that the form £ is 0-closed. Next from equation (7.23), using the chain rule, we have

e =2 [ [ auBc o) 7] ara
= 21/_7; /Ol[re_m&ZB(Z) 4+ B(Z)e ] drdf
= 21/_: /Ol[re_zig(&z-n)(B(Z))+B(Z)e_19} dr df
:i/_: /01[(8rr+i89)B(Z)ei9] dr do

= i/ e B¢ +€'n)db

—T

=i / e B¢ 4+ 1) d

™

- / B(AC + n)AdA. (7.35)
oD

Again in going from the second to the third line of equation (7.35), we have used
that the form 3 is 0-closed.

Theorem 7.8. The functions ¥((,n) and «((,n) are holomorphic in the variable
7.
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Proof. From equations (7.20), (7.34) and (7.35), we find that the quantity ((,n)
is holomorphic in the variable n. Then, using equation (7.18) and lemma 7.3, we see
that the quantity (¢, n) is also holomorphic in the variable 1. ]

Corollary 7.9. The function v((,n) obeys the differential equation,
Oz0((,m) = —2inB(2). (7.36)

Proof . Differentiate both sides of equation (7.32) with respect to the variable 7
and use theorem 7.8. [ |

Lemma 7.10. The quantity 1((,n) is homogeneous of degree zero in the variable
n, Le. [0y9(C,m)] - =0.

Proof . By equation (7.22), we have, using the chain rule,
[Opb2(C,m)] - m = /D[an(B()\( +1)-C) - nlAdxdA
= /D[ay(B(Y) 20) - (Y = X0 dXdA
/D[(—2 —20))(B(Y) - Q)] dXdA

/[8A(A2B(Y) O)]dhdA = / N2B(Y) - (] dA
oD
__ / [B(AC + 1) - ] . (7.37)
oD
By equation (7.23), we have
oyr(con) =2 [ / B(C + ren) - 7)) - ydr o

- i/_ /0 (9,7 —10) (e (B(C + re®n)) (m))] dr d6

- i/ﬂ (e B¢ +e¥n) - 7 b = —i/ [e™B(e™ "¢ +n) - ] 46

= —/ [B(AC + 1) - ¢]dA. (7.38)
oD
Putting equations (7.20), (7.37) and (7.38) together now gives the required result. W

Lemma 7.11. The quantity 1((,n) is homogeneous of degree zero in the variable

Proof. By equation (7.36), we have, [0z¢((, )] ¢ = —2inB(¢)-¢ = 0, as required.
]

Lemma 7.12. The quantity ¥ ((,n) is homogeneous of degree minus two in the

variable ¢, i.e. [0c(¢,n)] - ¢ = —2¢((, 7).
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Proof. First, we have the following derivative, using equations (7.8) and (7.22)
and the chain rule:

[Ocp2(C,m)] - ¢ = /D[GC(B()\C +1)-C) - JAdAdA
= /D[ay(B(Y) 2C) - A dhdA
/ [Ox(B(Y) - )N dXdA

= ~20a(¢m) - [ dBY) TN
D

— 202G~ [ PPBOCHn) QR
oD

= —2a(Co)+ [ BOCHn)-Tan (7.39)
D

Next we have the following derivative, using equation (7.23) and the chain rule:
g ¢ =2 [ [ 0B+ ren) e Caran

:Qi/w/o [02(B(Z) -5)e - ¢drde

=2i /7;/ [02(B(Z)-7)e ) - (Z — rel%n) dr do

= o () — /_ﬂ/ Kar 89)@—“’3(2)-77)] dr d6

o) — / e B¢ + en) 7] dO

= oy () +i / e B(e "¢ + )T do

=—20i(C+ [ [BOCH-Tan (7.40)
D
Putting equations (7.20), (7.39) and (7.40) together now gives the required result. W

Corollary 7.13. The quantity «((,n) is homogeneous of degrees (—1,0,0,0) in
the variables ({,n,(,7).

Proof. The required result follows immediately from equation (7.18), together
with lemmas 7.3, 7.4, 7.10, 7.11 and 7.12. |

Equation (7.33) gives in particular the following formulas, using equation (7.17)
and corollary 7.13:

(¢ + pn,m) = —2im(C + pn)B(C + pn) - 7, (7.41)
(8a)(XC + pn,m)0 = X(Da)(C + pn,m) dp
= =2 A(C + pn) B(C + pn) - dpdp = —2im€(3). (7.42)
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Corollary 7.14. The form p( ) (8) = (—2im) ' a(A( + un, n)0 satisfies for each
fixed (¢,n) € L(W) the equation:

(e (B) = &(B)(C,m)- (7.43)
Proof. Equation (7.43) follows immediately from equation (7.42). [ |

Next we are able to prove the following important corollary of theorem 7.8.

Corollary 7.15. The sheaf cohomology group H'(Pc,©(—2)) vanishes.

Proof. Take the domain W to be all of F¢. It is clear that W is admissible. For
each fixed ¢ € V{,9((,n) is defined and holomorphic in 7, for all n € V¢, such that
¢ Am # 0. But by lemma 7.10, the function 1({, n) is homogeneous of degree zero in
7, so the function ¥((,n) induces, for each fixed { € V¢, a holomorphic function on
the projective space Pg, defined everywhere on Pg, except at the point pc(¢). But
every such holomorphic function is constant. Therefore, the quantity (¢, n) does not
depend on the variable 7, so there exists a smooth function «(¢), defined globally on
Ve, such that a(¢) = ¥((,n), whenever (¢,n) € L(Pc). Equation (7.36) now reads

dza(¢) = —2inB((). (7.44)

Furthermore, since the function ¥(¢,n) is homogeneous of degrees (—2,0) in the
variables (¢, (), so is the function «(().

Therefore, the function () represents a smooth section of the sheaf ©(—2), glob-
ally defined on the space Pc. Then equation (7.44) shows that the (0,1) form, 3, on
the space Pc, represented by the function B(() is O-exact. Since this is true for any
such form [, the corollary is proved. ]

Now we return to a general admissible domain W. Here we cannot expect that
(¢, n) is independent of 7, since otherwise the cohomology group H'(W,O0(-2))
would vanish, which is not true in general. However, we may instead just calculate
directly the derivative of ¥(¢,n) with respect to 1. From equation (7.22), we have

- / By (B(Y) - O] dNdA = 9, / [BOC +1)-CJdhdr.  (7.45)
D D

Next we have, from equation (7.23),

Onth1(C,m —QI/W/ B(¢ + re’n))(@)e % dr df

—21/ / [0z (B 7)rdrdé

= 2184/ / [(B(¢ 4 rel’n) -7)rdrdf
—m JO
= ag/ [B(¢ + An) - 7] dAdA. (7.46)
D
So we have the following lemma.
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Lemma 7.16. The quantities ¥ ((,n) and ¢(3)((,n) are related by the formula,
valid for all (¢,n) € L(W):

On(C,m) = 0cH(B) (€, m)- (7.47)
Proof. Combine equations (7.10), (7.20), (7.45) and (7.46). This gives the result
immediately. |

Corollary 7.17. If ¢(3) vanishes identically, then the form B is d-exact.

Proof. When ¢(8) = 0, by equation (7.47) and by theorem 7.8, the quantity
(¢, n) has vanishing derivatives with respect to the variables n and 7. Therefore, it
is locally constant in the variable 7, for each fixed (. By definition of admissibility
of the domain W, it then follows that the quantity ¥ ((,n) is independent of 7,
so there exists a function «((¢), globally defined on W, such that a(¢) = ¥(¢,n),
whenever (¢,n) € L(W). The rest of the proof follows exactly the argument of
corollary 7.15. |

We have now established the following theorem, which combines many of the
various results of this section.

Theorem 7.18. Let 3 be a smooth d-closed (0,1) form with values in ©(—2),
defined on an admissible open set W in Pc. Then the form (3 is represented by
a smooth function, B(v), taking values in the space V{, globally defined on the
space H(W), such that the function B(v) is homogeneous of degrees (—2,—1) in the
variables (v,T) and obeys the equations B(v) - T = 0 and 9 A B(v) = 0. Define
the functions ¢() and ¥ (3) on the space L(W), by the formulas, valid for any

(¢m) € L(W):

(8)(C.m) = (2im) ! /D (B(C+ M) -7 — BOC +1) -7 dAd, (7.48)

B(B)(C,m) =~ / / B(C +ref®n) + rB(r¢ +&7n)] e drdf.  (7.49)

Then the quantities ¢(3)(¢,n) and 1(B)((,n) are each homogeneous in the variables
(¢,m,¢,7), of degrees (—1,—1,0,0) and (—2,0,0,0), respectively.
Also, we have the relations, valid for any (¢,n) € L(W):

() (8)(¢,m) = =d(B)(n,C);
i) ¢(B)(¢,n) is holomorph1c in the variables ( and n;
i

(
(iii) ( )(¢,n) is holomorphic in the variable n;
(

iv) 9cb(B)(¢,m) = B(C);

(v) nww)(c, n) = 0cp(B)(¢,n).
Finally, the form (3 is exact if and only if ¢(3) vanishes, if and only if there exists

a unique smooth function «((3), defined globally on W, taking values in ©(—2), such
that Oa(B) = 3 and if the function a(f3) is represented by a smooth function, a(3)(¢),
homogeneous of degrees (—2,0) in the variables ((,(), defined on H(W), then we
have the relation, valid for all (¢,n) € L(W):

(vi) a(B)(z) = »(B)(¢.n).
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Proof. Equation (7.48) is a rescaling by a factor of (—2ir)~! of equation (7.10).

Equation (7.49) is simply a rewrite (and rescaling) of the integrals of equations
(7.22) and (7.23), using polar coordinates for each integral and combining them to
give the quantity (¢, n) according to equation (7.20).

Property (i) is equation (7.11). Property (ii) is lemma 7.3. Property (iii) is theo-
rem 7.8. Property (iv) is corollary 7.9. Property (v) is lemma 7.16.

If the function ¢(3) vanishes, then the d-exactness of 3 and the existence of the
function «(f3), obeying property (vi) are established in corollary 7.17. Conversely,
if the form [ is 0-exact, then by lemma 7.1, the function ¢(3) vanishes. Also if
the function a(f3) exists obeying property (vi), then by property (iv), the form f is
J-exact and da(f3) = . [ |

Next we wish to consider the analogue of theorem 7.18 for the case of the domain
Pr — P. Since this domain is not admissible, we have to do a little more work.

Corollary 7.19. Let 3 be a smooth d-closed (0, 1) form with values in the sheaf
O(—2), defined globally on the space Pc — P. So the form 3 is represented by a
smooth function, B(v), which takes values in the space V{, is defined globally on
the space H and homogeneous of degrees (—2, —1) in the variables (v,v) and which
obeys the equations: B(v) -0 = 0 and 0y A B(v) = 0.

Define the smooth function () on the space L(Pc — P), by the formula, valid
for any ((,n) € L(Pc — P):

B(B)(Cm) =~ / ' / (B(C + rei®n) + rB(r¢ + &) - e drdd.  (7.50)

Then we have the relations, valid for any ((,n) € L(Pc — P):
(i) 0z4(B)(¢,m) = B(C);

(i) 9y (B)(C,m) = Fgep(B) (¢, m) = 0.
Also, there exists a unique smooth function «(83), defined globally on Pc — P,

taking values in ©(—2), such that d(a(B3)) = B and if a(B) is represented by a
smooth function, a(3)(¢, (), homogeneous of degrees (—2,0) in the pair of variables
(¢, (), defined on H, then we have the relation, valid for all ((,n) € L(Pc — P):

(iii) (B)(C) = ¥ (B)(¢,m)-

Proof. All the definitions and results of this section apply to this domain, up to
and including lemma 7.16. Let 3 be a smooth d-closed (0,1) form with values in
O(—2), defined globally on Pc — P. By corollary 6.7, the form 3 is 0-exact and a
unique smooth function « exists, defined on Py — P, taking values in ©(—2), such
that 0o = .

Let W be an admissible open subset of Pc — P. Then theorem 7.18 applies to the
restriction of 5 to W. By the uniqueness of the quantity «(3) of theorem 7.18, the
function () must be just the restriction of the function o to W. Since every point
and every projective line in Pz — P belong to some admissible open subset W of the
space Pc— P, we may read off the requisite formulas directly from theorem 7.18. W

8. The forward direction: construction of &(f) given f

Let a function f € C°°(V, —2) be given. Multiply f by the V-valued function z. The
resulting V-valued function z f is homogeneous of degree —1. We regard the quantity
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Inversion for the Radon line transform 3077

zf as taking values in the space 2. Fix € M and consider z*(zf), the restriction
of the function zf to the space x’. We apply the invariant Hilbert transform, H,, of
§5 to the function = A (zf). By theorem 5.15 there are unique §2%-valued functions
fx(z, z), globally defined on the spaces S#*. fibre holomorphic and homogeneous of
degree —1 in the variable z, such that these functions extend smoothly to the domains
St U Sy and obey the relations, for all (z,v) € S:

[ (@, 0) = f-(2,0) = 27 (2f)(v), (8.1)
fr(a,v) + (2, 0) = —1H («"(2))(v)- (8.2)

By equation (8.1), we have: v A fy(x,v) = v A f_(x,v), for each (z,v) € S, since
v Az*(zf)(v) = 2*((2 A 2)f)(v) = 0. Therefore, there exists a smooth function
g(z,(), globally defined on the space Sg, taking values in Q(%, fibre holomorphic
and homogeneous of degree zero, such that the restrictions of the function g to the
domains Sy U Sy agree with each of the quantities ¢ A fi(z,2) on their respective
domains. By Liouville’s theorem, for each fixed x € M, the function g(x, z) must be
independent of the variable z € z(.. So the function g is the pullback to the space S¢
of a smooth function, h, defined on the space M, i.e. we have h(z) = g(z, (), for all
(z,¢) € Sc. By equation (8.2), we have the equation: 2h(z) = —iv A Hy(x*(zf))(v),
for each (z,v) € S. In particular, the quantity v A Hy(z*(2f))(v) is independent of
v € o, for any & € M since it is real it represents an element of 22. As x € M varies,
we obtain a smooth function @(f), globally defined on the space M and taking values
in 22, such that for any (z,v) € S, we have the relation ®(f)(z) = vAH,(x*(2f))(v).
Note that we have v A @(f)(x) = 0, whenever v € x € M.
We have proved:

Lemma 8.1. Given any f € C>(V, —2), there exists a function
D(f) € C(M,2?),
such that, for any (z,v) € S:
P(f)(x) =v A Hy(z"(2f))(v). (8.3)

The function $(f) is given in terms of the functions fi by the equations, valid for
all (x,z) € Sy USy:

P(f)(x) = 2C A f1(2,C). (8.4)
Furthermore, we have v A ®(f)(x) =0, for any v € x € M.

We can derive an explicit formula for the function @(f) as follows.
First, by lemma 5.3, there is a unique function h(f) € C*°((2')?, End(z)), such
that, for all (u,v) € (2)2:
h(f)(w,v)(u) = —vf(v),  h(f)(u,0)(v) = —uf(u). (8.5)

By lemma 5.4, the one form h(f)(u,v)(du) is closed, for each fixed v € 2. By defini-
tion 5.6, we have the formula: H,(2*(zf))(v) = (2m) =" [ [h(f)(u,v)(du)]. Therefore,
by equation (8.3), we obtain the explicit formula, valid for any v € 2’ and any = € M:

b(f)(x) = (2m)" /[U A h(f)(u, v)(du)]. (8.6)

€T
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Now consider the quantity v A h(f)(u,v) — f(u)(u A 6). If we act on the vector u,
then, using equation (8.5), we find

[v AR(f)(u,v) = flu)u A d)(u) = —(v Av)f(v) = f(u)(uAu) = 0. (8.7)
If we act on the vector v, then, using equation (8.5), we get
[v AR(f)(u,v) = flu)uAd](v) = =(v Au)f(u) — fu)(uAv) =0. (8.8)

By equations (8.7) and (8.8), we have v A h(f)(u,v) — f(u)(uAd) = 0, whenever the
vectors v and v are linearly independent, so whenever the quantity u A v is non-zero.
So, by continuity, we have, for all (u,v) € (2/)?,

v AR(f)(u,v) = f(u)(uAd). (8.9)
Substituting equation (8.9) into equation (8.6), we get
o(f)(e) = 2n) " [ [fwyun du) (5.10)

Comparing equations (8.10) and (4.1), we have exact agreement. So we have
proved:

Lemma 8.2. The function ®(f) defined by equation (8.3) agrees with the Radon
transform of the function f, as given by definition 4.3.

Now the derivatives Fg(f+) take values in V& @ Ve ® 2/(C), where Fg is the
operator E — dc. After identifying Vo with 2%, we may regard Fc(gy) as having
values in V¥ ® Ve ® V. Then skew symmetrization gives quantities Ac(Fc(f+))
taking values in 2(V¢) @ 02.

Lemma 8.3. The functions fi, restricted to the space S, obey the differential
equations: Ac(Fc(f+)) = 0.

Proof. Apply the operator Fr to both sides of equation (8.1) a d take the skew
part. We find the relation Ac(Fe(z*(zf))) = a*(A(F(zf))) = 0, since we have:
ANFGEH)=ANFR)f+Ff)Az=(E(f)Az=0f) @2z O using the facts
that §(f) =0,s0 F(f) = E(f) = (0f)®@zand E®(2) =200® (2) =28 4§ = i(2),
so F(z)=0.

This gives the formula, valid on the space S: Ac(Fc(f+)) = Ac(Fe(f-)). But each
of the quantities Ac(Fc(f+)) is fibre holomorphic and homogeneous of degree minus
one, on its domain. Then the relation Ac(Fc(ft)) = Ac(Fe(f-)) on the space S,
shows that the quantities Ac(Fc(f+))(x,z), patch together to give a global fibre
holomorphic function on S¢, homogeneous of degree minus one, which vanishes by
Liouville’s theorem, as required for the lemma. |

Switching to abstract indices, equation (8.1) reads

v f(z,v) = [E(z,v) = f(x,0), (8.11)

valid for all (z,v) € S.
The result of lemma 8.3 then reads

BV ol rd = (8.12)
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Inversion for the Radon line transform 3079

Accordingly, we have the relations, for unique symmetric (complex) tensor fields
f:l:'y )

EPfe =02 f0 + 50 (8.13)

Applying the operator E? to equation (8.13) and taking the commutator, using the

fact that the derivative operator Ef obeys the commutation relation: E(SEﬁ Eﬁ E =
65E5 — 82 EB, we obtain the followmg identity:

y e
a ey a pB6 a pB6 o @
B2 — BN fel = 60 20, — 05 S0 + 00125 — 05422 (8.14)
Equation (8.14) may be solved directly for the derivatives E? fif
EJf$7 = 60120 + 00 £80 + f252. (8.15)

In equation (8.15), the tensors faﬁ f are totally symmetric. Combining equations

(8.13) and (8.15), we find the following formula for the second derivatives of the
quantities f{:
« @ «a « o pB6 @ afBd
E2E]fS = 03B L+ ELfST = 0500 f5 + 85 f20 + 02 £2, + 62725 + 250 (8.16)

Skew symmetrizing equation (8.16) and using equation (8.13) again, we get the simple
relation:

5 )

BN e =0l pe (8.17)

Using these relations, we have the followmg second derivative formula:

LB ) = o7 () — OB £+ (BB £ 2P ST
= 0 (¢ 2 - a0 ps) - 60¢Mal £+ 2P Eplal 1
= 0 B¢ + 2B 2
—5['3E5](§[<fi)+2E[°‘5C]f[5)(ﬂ]+2g[ﬂf‘5]5[°‘5d _ ff5ﬂ5£]5€ﬁ]
= 0 EN (£ + 2B 05 (£ ¢ — 2¢lol (£765)

+2¢P sl 58] — 27150510y
= 6[5E5]<c[<fi )+ 2E[“6< L¢Py + 20 053c £
+ 3(=207,05¢ +fi<5 03¢7 = ¢o0p, JLog + (o, f10])
— 3(=f200,00¢° + FLO8,)¢7 — ¢ fﬁfl] + (O, £257)
=6 E)(cofE) — 2B[258) (1P £ — 267,851 £
52,05¢1 2+ 07,05V £ + 67 6 ¢l — opabcP re (8.18)
}(J)Tli;l‘;gvsequation (8.4), we may rewrite equation (8.18) in terms of the field @(f), as

0= E[éEﬁ]@( )COc 5[5E5]45(f)aC +25 EC]@(f)ﬁé +25o¢5( (f)BzS
+ 3¢ 350(f)7 — o¢, 020 (f) — 5[@;55145@)5& + 6 5%(f)
+ 01 BB (f)° + 20 ES®( )%

E[(SEB]@( )
+ 207,05 8(f)* + 46 (f)?) acsf]]. (8.19)
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Also, using equation (8.12), we have the first derivative equation:
EPCfe = —200¢ g, (8.20)
Writing equation (8.20) in terms of the quantity @(f)*?, we have the equation:
ELa(f)7) 4+ 25@(£)P = 0. (8.21)
Using equation (8.21), we may rewrite equation (8.19) as follows:

0 =B Eo(f)¢ + o BJo(f)¢ + 4B o(f)767)

e 7]
+ 85 ()50] — 207 54@(£)%° + 48100 £)1° 5]

= BPED(1) + 4B o (f)52 + 610 EDla( )¢

+4500(f)MCo + 25062 B (f)77 (8.22)

Comparing equations (8.21) and (8.22) with equations (4.8) and (4.9) above, we have
exact agreement.
We have proved:

Lemma 8.4. The field ¢(f) belongs to the space Z(M).

Now suppose that the field &(f) is identically zero. Then we have the formulas
(A fx(z,¢) = 0, which immediately gives the relations fi (z,2) = (k4 (z, (), for some
functions k4, which are defined for all (x,{) € St U Sy and are fibre holomorphic
and homogeneous of degree minus two. Equation (8.12) gives the following relation:

Acl¢ ® B(ks)] = 0. (8.23)

Next, pull back the functions ki (restricted to the domains Sy) to the space H,
along the maps s4: so put k+s+ = g+. Then each of the functions g4 is globally
defined on the space H. On the space H, the derivatives Eff g+ may be expressed as
E(g+) = (®0cgs + (® Ozgx. If ¢ € H, we have ( A ( # 0, so equation (8.23) gives
the simple formula:

079+ = 0. (8.24)

Thus the quantities g+ are holomorphic on H. Since they are homogeneous of degree
minus two, they represent global holomorphic sections of the sheaf @(—2) over the
space Pc — P, which is the projective image, pc(H) of the space H. For any y
in H there is a projective line through pc(y) lying entirely in the space Pz — P.
Since the functions g., restricted to any such line represent holomorphic globally
defined sections of ©(—2) and since the only such section vanishes identically, by
Liouville’s theorem, we must have g+ vanishing on the line. In particular, we have
g+(y) = 0. Since y is arbitrary in H, the functions g+ must vanish identically. Hence
the functions ky and fi must vanish identically. By equation (8.1), the function f
must also vanish identically. We have proved:

Theorem 8.5. The Radon transform @ is an injection.
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9. The backward direction: construction of the function f
given its Radon transform &(f)

Given f € C*°(V,—2), we may obtain its Radon transform @(f) € Z(M). The aim
of this section is to recover the function f, from the function &(f). By theorem 8.5,
if &(f) is known, then f is uniquely determined.

From § 8, we know that unique Vg-valued functions fi(x, () exist, homogeneous of
degrees (—1,0) in the variables ((, (), defined and fibre holomorphic on the domains
S+ U Sp and such that we have the relations:

f+($,U)—f_(.’L‘,U):’Uf(U), (91)
valid for all v € 2’ and all x € M,
P(f) (@) =2 A f+(x,Q), (9:2)

valid for all (z,¢) € S+ U Sp.

Also, by corollary 5.16, we have f_(z,() = —f(z,(), for all (x,{) € S_ U Sp.
This relation in particular entails that for all x € M and all v € 2/, we have
f-(x,v) = —fy(x,v). Hence either of the functions fi determines the other com-

pletely and from equation (9.1), we have the following formulas, valid for all v € 2/
and all x € M:

vf(v) = £2Re(fr(z,v)). (9.3)

Recall that X Av = 0, for any v € m(X) and any X € N. Then equation (9.1)
gives immediately the following relation: X A fi(m(X),v) = X A f_(m(X),v), for
any X € N and any v € m(X)". This relation, combined with the homogeneity of
the functions fi, shows in particular that the pair of functions X A fy(m(X),(),
for each fixed X € N, patch together to give a single global holomorphic function
defined for all ¢ € m(X)g, which is homogeneous of degree minus one in the variable

¢. By Liouville’s theorem such a function must be zero. So we have the key relations,
valid for all (X, (), such that (m(X), () € Sy U Sp:

XA fe(m(X),()=0. (9.4)

Now we may pull back the functions f4 restricted to the domains S4 along
the maps si to give Vg-valued functions, g+(¢), defined for all ( € H. (So we
have g+ = fisi.) Recall that if ¢ € H, then s1(() = (z+(¢),(), where we have
74(¢) = m(X+(¢)) and X4(¢) = £2¢t A (™ = +iC A . Then equation (9.4) may
be rewritten in terms of the functions g4 as follows, valid for all ( € H:

CACAg+(¢) =0. (9.5)

Also equation (9.3) may be rewritten directly in terms of the functions g4 as follows;
for any fixed v € V', we have

vf(v) = £2 lim  Re(g+(¢)) = £2lim Re(g+ (v + itw)). (9.6)
¢—v;C€H,uA(AC=0 t—0

In the second limit, the variable ¢ is real and the vector w € V’/ must be linearly
independent of the vector v.

From equation (9.5), since by definition ¢ A { # 0, whenever ( € H, we may
decompose the functions g4+ as follows:

g+(¢) = Cx=(¢) + €+ (<). (9.7)
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3082 G. Sparling

In equation (9.7), the smooth scalar functions x+ and ¢4 are globally defined on the
space H and are uniquely determined by the functions g4+. Note that none of the
functions x4+ nor ¢, if regarded as functions on the spaces Si (via the maps si),
can be expected to have a smooth extension to the space S+ USy. Also the functions
X+ have homogeneity (—2,0), whereas the functions ¢4 have homogeneity (—1, —1),
in the variables (¢, ().

Combining equations (9.2) and (9.7), we find the relations, valid for all { € H:

2i¢ A (o£(C) = 2(f)(z£(Q))- (9.8)
By equation (9.7) the functions ¢4 are directly determined from the given field &( f).
So if a method is found to determine the functions x4 directly from the field &(f),
then the functions g+ will be completely known from equation (9.7). Via the maps
S+, the functions fi will be known on the domains Si. By continuity the extensions
of the functions fi to their full domains S+ U Sy will be known. In particular, the
quantities fi(x,v) will be known for any (z,v) € S and then the function f will
be recovered from equation (9.1). Equivalently, once the functions g+ have been
determined, we may recover the function f by using equation (9.6).
Note that from equation (9.8), since the quantity ¢ A ( is killed by the differential
operator J¢ - ¢, we obtain the relations:

(Ocp+) - ¢ =0. (9.9)
Lemma 9.1. Let $+(¢) = (0:¢+(¢)) - d(, for any ¢ € H. Then the (0,1) forms

B+ are smooth, 0-closed and globally defined on the space H. Further they represent
smooth 0-closed (0, 1) forms on Pc — P, with values in the sheaf ©(—2).

Proof. Since ®(f) € Z(M), the forms (1 are O-closed by equation (9.8) and
lemma 4.9 and are clearly globally defined and smooth on the space H. The functions
¢+ are homogeneous of degrees (—1,—1) in the variables ({,{) and since they also
obey the equation (9.9), the forms (4 are homogeneous of degrees (—2,0) in the

variables (¢, (), so represent O-closed forms on the space pc(H) = Pc — P with
coefficients in the sheaf ©(—2). [ |

Lemma 8.3 connects the field @(f) and the functions x+. From equation (8.12),
we have

BV sl = 0. (9.10)
Pulling back equation (9.10) along the maps st gives the following equation:
EVgY +48PgY = 0. (9.11)
Using equation (9.7), we may rewrite equation (9.11) as follows:
0=EP(Cxs + Za]d&) + 0P (¢xe + Za}¢i)' (9.12)

Acting on functions of the variable ¢ € H, we have Ef = (%05 + Zaag. Using this
relation, equation (9.12) becomes

0= ¢190, (¢ + ) + €, (Cxa + Tw) + 010 + T )
= x2CPa,¢ + TP, 04 + €D, xa + 620 D, 4 5B xs + M s)
— x5+ TP, ha + B e + 6486 4 81¢ s +815T s
= (0,04 — Dy xa). (9.13)
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Since ¢ A ¢ # 0, for any ¢ € H, we deduce from equation (9.13) the following key
equation for the quantities yi:

Oax+ = Oatp. (9.14)
We may summarize the above discussion as follows:

Theorem 9.2. Let f € C*(V,—2) be given and consider its Radon transform
&(f) e Z(M).

Define the smooth real-valued functions ¢+ on the space H, by the following
formula, valid for any z € H:

2iC A Co+(C) = 2(f) (= £ (Q)- (9-15)

Consider the following differential equations, for smooth complex-valued functions
X+, globally defined on the space H and homogeneous of degrees (—=2,0) in the
variables (C, C).

OaX+ = Oqt+. (9.16)

Then the required solutions x+ exist, are unique and are expressible directly in terms
of certain integrals involving the functions ¢1. Specifically we have the following
formulas, valid for any ((,n) € L(Pc — P):

x+(C) = 1/ / [Oa+ (¢ +1e"n) + r0ad2(r¢ + e n)le™ drdf.  (9.17)

Also let Vi-valued functions g+ be defined, globally on the space H, by the formulas,
valid for any ( € H:

9+(¢) = {x=(Q) + ¢+ (). (9.18)

Next let functions f4, taking values in Vg, globally defined on the spaces S+ be
defined by the formulas:

g+ = fes+. (9.19)

Then the functions fi are fibre holomorphic and homogeneous of degree minus one
in the variable ¢ and possess smooth extensions (still called fi) to the domains
S+ U Sy. Finally, the function f may be recovered from the formula, valid for any
vex and any x € M:

Fila,v) — f-(2,0) = vf(v). (9.20)

Proof. We know that the functions fi and g1 obeying equations (9.19) and (9.20)
and the required holomorphy and homogeneity conditions exist and are unique. Fur-
ther, the functions g+ have a unique decomposition of the form of equation (9.18)
and the components of the decomposition x4 and ¢+ obey the equations (9.15) and
(9.16). Thus to prove the theorem, we just need to verify that equations (9.15) and
(9.16) are by themselves sufficient to determine the functions x4+ and ¢+ uniquely.
For the functions ¢ this is immediate from equation (9.15). That the functions
¢+ have the correct homogeneity also follows immediately from equation (9.15).
Next, by lemma 9.1, the (0,1) forms S+ = (9;¢+) - d{ represent d-closed (0,1)
forms with coefficients in the sheaf ©(—2), globally defined on the space Pc — P.
By corollary 6.7, there exist unique sections x4, of @(—2), globally defined on the
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space Pc — P, such that Ox+ = (4. Interpreted as functions on the space H, the
quantities xy+ are smooth and globally defined, have the required homogeneity and
obey the required equation, equation (9.16). Uniqueness of the functions xy+ on H
is equivalent to their uniqueness on the space Pc — P, so holds. So the functions y+
and ¢4 with the required properties exist and are indeed uniquely determined just
from the equations (9.15) and (9.16). Finally, the integral expressions of equation
(9.17), giving the functions y+ in terms of the functions ¢, are obtained directly
from corollary 7.19. |

Example 9.3. Consider the prototypical case discussed in the introduction. For
this case the functions ¢4 are given by the following formulas, valid for any ¢ € H:

6:(Q)=%2p)7",  p= (" —aa)'/?, }
bEg(C’Z)’ aEg(C,C), aEQ(Z?Z)

Here g(-,-) is a complex symmetric bilinear form on the complex vector space Vg,
which is real and definite when restricted to the real space V.

(9.21)

Note that, via the Cauchy—Schwarz inequality, we have p > 0 and p = 0 if and only
if (AC = 0, so we have p > 0 on the space H and the functions fi are globally defined
and smooth on the space H, as required. Also the functions fi have homogeneity
degree (—1,—1) in the variables (¢, ().

Next we have the following derivatives:

+20°0ch1 = ag((,-) — bg(C,); (9.22)
+20°0¢ @ Dcps = 3lag(C,-) — by (¢, )] @ [ag(¢, ) — bg(C, )]
+0°29(C,) @ 9(¢,) — 9(¢, ) ©g(C, ) — byl )]s (9.23)
+20°0; A Ocp+ = 3lag(C,-) — bg(¢, )] Alag(¢,-) — bg(C, )]+ 3p%9(C,-) A g((s )
= 3(aa@ — b2+ p*)g(C,-) A g(¢,) = 0. (9.24)

So the functions ¢ obey the required field equations.
Next equation (9.16) gives the following differential equations, determining the
quantities x4:

+20°02x2(C) = ag(C, ) — by (C. ). (9.25)
Solving equation (9.25) gives the following expression for the functions y:
£2xe = —ap~ (b+p) 7" (9.26)

Note that b > 0 if ¢ # 0, so that the functions x4 are well defined if ¢ A ¢ # 0, so
the functions x4+ are smooth and globally defined on the space H.
One computes the quantities iani as follows:

+£2(b+ p)?p°Opx+ = 3a(b+ p)0zp® — p° (b + p)dza + a(p°Ocb + 5p0cp%)
= —a(b+2p)ag(C,-) = bg(¢, )] — 20 (b + p)g(C,-) +ap?g (¢, -)
= ag(¢,-)(b* + p* + 2bp) — by(C, -)[aa + 2p* + 2bp]
= [ag(¢,-) — bg(¢, (b + p)*. (9.27)

So equation (9.25) is satisfied, as required.
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Next by equation (9.18), we have the following expressions for the functions g4,
valid for any ¢ € H:

9+(¢) = Cx=(C) + 6x(0) = £(2p) (¢ = Calb+p) 7). (9.28)
Put ¢ = v+itw, where v and w are real and linearly independent and ¢ is real and
non-zero. Also put p = g(v,v), ¢ = g(v,w), r = g(w,w) and s = 1/ (pr — ¢2). Then

s > 0, by the Cauchy—Schwarz inequality.
We have a = p + 2itq — t?r, b = p + t?r and
0% = (p+t*r)* — (p + 2itq — t*r)(p — 2itq — t?r) = 41?5
So we find that p = 2|t|s. Put e(t) = t/|t|, for any real non-zero t.
Inserting these relations into equation (9.28), we get
+2g. (v + itw) = [t| 7 2s(p + 2|t|s + t27)] " u(b + p — @) — itw(b+ p + )]
= [s(p + 2|t|s + t2r)]
X [v(s +1ige(t) + [t|r) — iw(pe(t) + t(s — ie(t)q)]. (9.29)
We take the real part of equation (9.29) and then take the limit as ¢ — 0. Using
equation (9.6), this gives the following relation, valid for any v € V:
vf(v) =vp~t =vg(v,v) "t (9.30)

So we have f(v) = g(v,v)~}, for any v € V and we find that the function f coincides
with the function f,, of the introduction, as expected.
Note that by equation (9.8), we have the relation,

D(fq)[m(CT ACT)] = p T (iC A Q). (9.31)
Putting ( = v + iw, with v € V and w € V, this gives the formula,
D(f))(m(v Aw)) =2p" (v Aw). (9.32)

Also we have the relation,
p = 1 — i = [g(v, ) + glw, w)]? — [g(v,v) — glw,w)]? — 4g(v,w)?
= 4[g(v,v)g(w, w) — g(v,w)?]. (9.33)

So we get the following formulas, valid for all linearly independent vectors v and w
in the vector space V:

o(fy)(v,w) = [g(v,v)g(w,w) — g(v,w)2]—1/2_ (9.34)

These formulas are in exact agreement with the formulas of the introduction.

P(fg)(m(v Aw)) = v Awd(fo)(v, w), }
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