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Abstract

We consider spinors carrying a representation of the Clifford algebra generated by
a complex 2r-dimensional vector space V. Certain spinors, called pure, admit a re-
markable geometrical interpretation since they may be placed in correspondence with
maximal totally isotropic subspaces of dimension r. This correspondence has allowed
the orbit structure of pure spinors under the action of the Spin group to be classified.
An ‘impure’ spinor u may be put into correspondence with an isotropic subspace of
dimension v < r. Except for low dimensions, the classification of the impure spinor
orbits is incomplete. In the first part of the thesis, we present a coarse classification of
impure spinors based on (1) the value of v and (2) the decomposition of u into pure
components.

In later chapters we examine certain equations for spinor fields on manifolds. On
spacetime, we show that the conformal Killing equation for a null vector field is equiv-
alent to a generalisation of the twistor equation. From it we derive Sommers’ equation
for a spinor corresponding to a null shear-free geodesic. We also find equations for a
Dirac spinor equivalent to the conformal Killing and shear-free conditions for a timelike
vector field.

Finally, it is shown that a pair of shear-free Weyl spinors may be used to construct
a 2-form satisfying a generalised conformal Killing-Yano equation. Via spinors, the
conformal Killing-Yano 2-form is used to construct symmetry operators for the massless
Dirac equation and the vacuum Maxwell equation. In the case of the Dirac equation,
we are able to construct a symmetry operator from a conformal Killing-Yano tensor of
any degree in arbitrary dimensions.



Chapter 1

Introduction

The discovery of spinors may be attributed to Cartan [Carl3]. For n > 2, the group
SO(n) is not simply-connected. As a consequence, Cartan observed that the Lie algebra
of SO(n) has representations which do not lift to representations of SO(n). Rather, they
lift to representations of Spin(n), the simply-connected double covering of SO(n). Spin-
ors may be thought of as vectors which carry an irreducible representation of Spin(p, q),
that is, the Spin group of an orthogonal space with signature (p, q). In the case where
the orthogonal space has maximal Witt index, Cartan discovered a remarkable geomet-
rical interpretation of certain spinor directions, called pure [Car66]. The pure spinor
directions are in one-to-one correspondence with the maximal isotropic subspaces of
the underlying orthogonal space. In even dimensions, such spinors determine (projec-
tively) a null (n/2)-form given by the product of a basis for the corresponding maximal
isotropic subspace. Since a complex orthogonal space has maximal Witt index, the
notion of pure spinors can be extended to a real orthogonal space with any signature
by complexification.

Spinors may also be defined as vectors carrying an irreducible representation of the
Clifford algebra generated by an orthogonal space. As a vector space, this algebra is
isomorphic to the space of exterior forms. Since all Clifford algebras are either simple
or semi-simple, the regular representation on a minimal left ideal is irreducible. The
space of spinors may be identified with a minimal left ideal of the Clifford algebra.
Spinors of a non-simple Clifford algebra are usually referred to as semi-spinors. Since
the Spin group is contained in the Clifford algebra, the spinor representation of the
Clifford algebra induces a spinor representation of the Spin group. In Chapter 2 we
establish our conventions and notation for Clifford algebras, spinors and exterior forms.

For n < 6, the dimension of the space of maximal isotropic subspaces is equal to
that of the space of spinor directions, so in these cases all spinors are pure. In higher
dimensions a spinor must satisfy a set of quadratic constraint equations in order to be
pure. Another characterisation is given by considering the action of the Spin group
on the projective spinor space. An orbit of the Spin group forms a submanifold in the
space of spinor directions, whose structure is determined by the isotropy group of a
representative spinor. Pure spinors of a given parity form a single orbit, characterised
by having the least dimension amongst the orbits of projective spinors. Thus the co-
dimension of an orbit provides a ‘measure of purity’ for spinors. In general, the problem
of classifying spinor orbits is difficult, and little is known for n > 14 [Igu70, Pop80]. In
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Chapter 3 we examine other measures of the purity of a spinor. Using our technique,
we are able to determine the isotropy groups of certain impure spinors. This in turn
leads to a reduction in holonomy of a manifold admitting a parallel impure spinor.

Our motivation for studying spinors in higher dimensions comes from recent trends
in mathematical physics. Spinors first came to the attention of physicists with Dirac’s
quantum theory of the electron [Dir28|. For the most part, the study of spinors has
been restricted to those occurring in spacetime, where they have proven particularly
useful in general relativity [PR86a]. Since all spinors are pure in this dimension, there
has been no need to introduce pure spinors as a separate concept. They are implicit in
Penrose’s notion of ‘flag planes’, which correspond to the maximal isotropic spaces of a
complex 4-dimensional orthogonal space. As the underlying real space has Lorentzian
signature, pure spinors also exhibit a real structure: they determine a real null direction,
or ‘flagpole’, in Penrose’s terminology. This correspondence means that pure spinors
are useful for studying the properties of null congruences. It is well-known that a
vector field tangent to a congruence of null shear-free geodesics (NSFG) corresponds to
a spinor field satisfying Sommers’ equation [Som76]. This equation is a generalisation
of the twistor equation involving an additional vector field. In Chapter 4 we derive
Sommers’ equation and interpret the additional terms as gauge terms of the covariant
derivative. By replacing the standard covariant derivative with a GL(1,C)-gauged
covariant derivative, we obtain an equation of the same form as the twistor equation.
We refer to spinors satisfying this equation as being shear-free. As a special case,
we show that a null conformal Killing vector corresponds to a U(1)-gauged twistor
equation. Since a non-null vector can be written as a sum of two null vectors, a non-
null vector corresponds to a pair of spinors, which may be thought of as a single Dirac
spinor. We examine the condition that the vector field corresponding to a Dirac spinor
is shear-free or conformal Killing. As in the null case, this may be written as an equation
for a Dirac spinor of the same form as the twistor equation.

Currently, spinors play a prominent role in theories requiring higher dimensions.
For this reason it is likely that pure spinors will become more relevant to physics, a
view which has been advocated most notably by Budinich and Trautman ([BT86, BT88]
and references therein). A significant result utilising pure spinors is due to Hughston
and Mason, who discovered a generalisation of Robinson’s theorem to all dimensions
[HMS8S]. In four dimensions, Robinson’s theorem can be stated as the following: a null
self-dual 2-form is proportional to a solution of Maxwell’s equations if and only if it
admits a real null eigenvector tangent to a NSFG congruence [Rob61]. More generally,
a spin-(s/2) field is a solution of the massless field equation iff its s-fold principal spinor
is shear-free. In higher (even) dimensions, it is natural to consider pure spinors, since
these can be correlated with a distribution of null (n/2)-planes. Hughston and Mason
have generalised Robinson’s theorem to all even dimensions, provided that the s-fold
principal spinor is pure. The shear-free condition is replaced by what they refer to as
the Frobenius-Cartan integrability condition. This is the equation a pure spinor must
satisfy if the corresponding null distribution is to be integrable. In four dimensions the
Frobenius-Cartan condition is equivalent to Sommers’ equation. As a special case, it
is shown that a null self-dual (n/2)-form is exact iff its 2-fold principal spinor satisfies
the integrability condition.

An alternative way of stating Robinson’s theorem in four dimensions comes from a
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generalisation of the conformal Killing-Yano equation. Killing-Yano tensors were first
introduced as a generalisation of Killing’s equation to totally antisymmetric tensors
[Yan52]. The conformal extension of the Killing-Yano (CKY) equation was found by
Tachibana [Tac69]. The CKY equation can be expressed very compactly using exterior
calculus [BCK97]. In the same paper, it is shown that by replacing the ordinary
covariant derivative with a GL(1,C)-gauged covariant derivative, the CKY equation
for a self-dual 2-form is equivalent to the condition that the eigenvectors of the 2-form
be NSFG. For this reason, we refer to forms satisfying the gauged CKY equation as
‘shear-free’. The shear-free 2-form equation was first studied by Dietz and Riidiger
[DR&0], although they did not interpret the additional terms as arising from a gauged
covariant derivative. A non-null self-dual 2-form admits two real eigenvectors, while a
null 2-form admits only one. Thus by Robinson’s theorem a null self-dual gauged CKY
2-form is proportional to a solution of Maxwell’s equation. In Chapter 5 we review the
properties of the gauged CKY equation and its relationship to shear-free spinors. We
also calculate integrability conditions for the gauged CKY equation and the shear-free
spinor equation, which will be used extensively in Chapter 6.

In Chapter 6 we consider an application of shear-free spinors to solving the vacuum
Maxwell and Dirac equations. In conformally flat spacetime, Penrose has shown that a
solution of the massless field equation may be constructed by ‘raising’ a Debye potential
with a twistor [Pen75, PR86b]. Conversely, a Debye potential may be generated by
‘lowering’ a solution of the massless field equation with a twistor. More generally,
a massless field can be used to generate another massless field of a different spin by
repeated raising and lowering. In algebraically special spacetime, we show that solutions
of the Dirac and Maxwell equations can be obtained from a Debye potential by raising
with a shear-free spinor if the spinor is aligned with a repeated principal null direction.
Under the same conditions, a Debye potential can be obtained from a Maxwell or Dirac
field by lowering with a shear-free spinor. From this we obtain symmetry operators for
the Maxwell and Dirac equations. Using the correspondence between shear-free spinors
and CKY tensors, these operators may be written in terms of CKY tensors only. We
then show how a CKY p-form may be used to construct a symmetry operator for the
Dirac equation on a manifold of arbitrary dimension and signature [BC97].



Chapter 2

Clifford Algebras and Spinors

In this chapter we provide our conventions and notation for exterior forms, Clifford
algebras, spinors, and the related differentiable structures on manifolds. For ease of
reference, we have attempted to include here all of the standard results that will be
used in this thesis. We make no attempt to prove them, except as examples in cases
where our notation differs substantially from the norm. For the most part, these results
can be found in Benn and Tucker [BT87], whose conventions we follow. The reader
familiar with this notation may comfortably move on to later chapters, returning to
check conventions as necessary.

2.1 The exterior algebra

Let V be an n-dimensional vector space over a field F' = R or C. The dual space V*
is the n-dimensional space of linear functions on V. Given a basis {e*} for V where
a€{1,2,...,n}, the dual basis {X,} for V* is defined in terms of the Kronecker delta
symbol by

Xa(e?) = o,. (2.1.1)
Equivalently, we may regard elements of V' as linear functions on V* by defining
zx(X)=X(x) VeV, XeV*. (2.1.2)

We normally take this view, since in this chapter we will take V to be the space of
covectors. With this notation, a tensor N of type (p,q) is a multilinear mapping

N: VXV x.. xV*xXVxVx..xV—EF.
p q

The space of such tensors is denoted 7,7(V'). When g is zero, we say that N has degree
p, and the index ¢ will be omitted.

The space of totally antisymmetric tensors of degree p is denoted by A,(V'), and
its elements are referred to as p-forms. The space of p-forms has dimension (Z) It
is convenient to identify the field F' with Ag(V'), and V itself with A;(V'). Because of
antisymmetry, forms of degree greater than n are zero. The space of exterior forms
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A(V) is formed by taking the direct sum of the p-form subspaces,
AV) = D @r(V) (2.1.3)
p=0

hence dim A(V') = 2™. This decomposition of A(V') induces a set of projection operators
<, which map an arbitrary form to its p-form component. Thus a form w may be
written as

w = zn:%(w) (2.1.4)
p=0

A form which lies completely in one of the p-form subspaces is called homogeneous.

The exterior algebra is an associative algebra formed from A(V') and the exterior
product on p-forms. We define the exterior product using the operator Alt, which maps
a tensor of degree p to a totally antisymmetric tensor. For N € T,(V),

ALt N (X1, Xs, ..., X))
1 *
= ng(U)N(Xa(l)vXo(Q)v R 7X0(p)) VX, eV*, (2.1.5)

where the sum is over all permutations o, and €(o) is +1 on even permutations, —1
otherwise. Then the exterior product of two homogeneous forms is given by

N AV) X Ag(V) — Aprg(V)
w, » — wAo=Alt(w® ¢). (2.1.6)

The exterior product on inhomogeneous forms is defined by extending Alt to be dis-
tributive over addition. A simple calculation shows that

wA¢ = (1) opAw weA(V), peAy(V). (2.1.7)
Similary, the symmetrising operator is defined by
Sym N (X1, Xa,..., X))
= pl!;N(Xa(l),xm),...,X[,(p)) VX;eVr. (2.1.8)

The direct sum decomposition (2.1.3) gives A(V') the structure of a Z-graded al-
gebra. This induces two canonical isomorphisms. The automorphism 7 is defined on
homogeneous forms by

nw = (1) w weMA(V). (2.1.9)
As an automorphism, it is a linear mapping such that

nwA@g) = nwAne w, p e A(V). (2.1.10)
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It is snvolutory, meaning that n? = 1. Since the eigenvalues of ) are 41, the automor-
phism induces a Zs-grading on A(V'). Those eigenvectors with eigenvalue +1 will be
called even, and the space of even forms will be denoted AT (V). Likewise, eigenvec-
tors with eigenvalue —1 will be called odd, and belong to the subspace A= (V). The
isomorphism £ is defined as the involutory anti-automorphism which fixes each 1-form,

= 2 VzeV. (2.1.11)

To say that ¢ is an anti-automorphism means that it is a linear mapping which reverses
the order of exterior multiplication. That is,

WA@): = ¢*Awt Vo, weAlV). (2.1.12)

Since any exterior form can be written as a linear combination of homogeneous forms,
these two properties are sufficient to define £ on A(V'). For a homogeneous form,

wé = (=1)PP=D/2,
(—)P2u we AV, (2.1.13)

where |p/2| means the integer part of p/2, that is, the ‘floor’ function.
If X is in V* then the interior derivative with respect to X is denoted by X 1. It
is an anti-derivation with respect to 1, meaning a linear mapping such that

Xl(wng) = XdwAhd+nwAXle w, peAV). (2.1.14)
To complete the definition, we specify the action of X J on 1-forms and scalars as

Xlr = 2(X) VzeV
X1Ix =0 VAaeF.

By considering its action on decomposable forms, it can be shown that if w is a p-form
then X Jw is a (p — 1)-form. Then X 1n = —nX ], from which it follows that

YIXlw = - X1Ylw X, YeV* weAlV). (2.1.15)
Clearly X 1 X Jw = 0. With our conventions,
e NXgdw = pw VweA, (V). (2.1.16)

As usual, a summation convention is employed on matching upper and lower indices.

A metric g on V is a symmetric, non-degenerate (0,2) tensor. To say that g is
non-degenerate means that for z € V, g(z,y) = 0 for all y € V if and only if z = 0.
The combination (V] g) is called an orthogonal space. Occasionally, it will be convenient
to use the components of g with respect to some basis. We assign ¢** = g(e?, e?), while
the scalars g, are defined as satisfying the condition

99 = %, (2.1.17)

This provides a convention for the raising and lowering of indices. We define e, = gqpe®
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and X® = ¢’ X,,. Similarly, indices of more general objects can be raised and lowered

with the components of g. Note that this convention can be applied to any indexed

objects, be they components of a tensor, sets of indexed forms, or more general tensors.

Care is needed in the ordering of mixed indices, however. We will always stagger our

indices so that lower indices have a place to which they can be raised, and vice-versa.
If g has signature (p,q) then there exists a basis such that

+1 fora=b=1,2,...,p
gl ey ={ -1 fora=b=p+1,p+2,....p+q=n
0 fora#b.

Such a basis is called g-orthonormal. The quantity min{p, ¢} is the Witt index of g.
From any orthonormal basis we obtain a volume n-form z,

z = e NePAL AE. (2.1.18)

Apart from a sign, the choice of z is independent of the choice of orthonormal basis.
Choosing a sign amounts to choosing an orientation for V. We will frequently use the
abbreviation e® for e® A b, and similarly for forms of higher degree, so z = e+,

The existence of a metric provides a canonical isomorphism between V and V*.
The mapping §:V — V* is defined by

y(z*) = g(z,y) YyeV. (2.1.19)

If 2 is written in components as & = x,e%, then z* is the vector obtained by raising the
components of z with the metric tensor. That is,

xﬁ = gabbea
= 2°X,. (2.1.20)

The inverse of # is the mapping b : V* — V, where Y? is defined implicitly as the 1-form
such that

y(Y) = g(y,Y’) VyeV. (2.1.21)

Likewise, if Y is written in components as Y = Y*X,, then Y? is the 1-form obtained
by lowering the components of Y with g,

Yb = gabybea
= Y,e. (2.1.22)

We then obtain a metric on V* by defining
F(X,)Y) = g(X°,Y") VX, YeV*. (2.1.23)

From now on, we will use the same symbol g for the metric on V*, since there is little
scope for confusion. More generally, the ‘musical isomorphisms’ allow us to change the
type of any tensor.
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The metric on V induces a linear isomorphism

x: Ap(V) — Ay p(V)

W o fw
called the Hodge dual. It may be defined recursively by requiring that
s(whaz) = 2 lxw VaeV, weA (V). (2.1.24)
This formula can be applied to a decomposable p-form to produce
w(@ Azg A Axp) = apf da, P dat sl (2.1.25)

where we define the Hodge dual of a 0-form by *1 = z. If g has signature (s,t) then
the inverse * ! is given by

wrw = (=1)POPH Ve A (V). (2.1.26)

The Hodge dual and its inverse are extended to A(V') by linearity.
If w and ¢ are p-forms then w A *x¢ is an n-form, hence it is proportional to 1. It
follows from the symmetry of g that

WA*p = PA*w w, g€ A,(V). (2.1.27)
This defines an inner product on p-forms given by
wAxp = (w-¢)x*l w, ¢ € Ap(V), (2.1.28)

which may be expressed using the basis vectors as

wed = pllXalJXaQJ...XaprX‘”JX“?J...X“Pqu. (2.1.29)

2.2 The Clifford algebra

The Clifford algebra C(V, g) consists of the vector space A(V') together with the Clifford
product, denoted by juxtaposition. The identity element is the unit element of F. The
Clifford product of a 1-form and an arbitrary form is given by

tw = rAw+tatJw (2.2.1)
wr = xAnw-—z* lnw zeV, welAV). (2.2.2)

From these relations, the Clifford product of two arbitrary forms can be determined.
For a pair of 1-forms we have the familiar equation

zy+yr = 2¢9(z,y) Va,yeV. (2.2.3)
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The exterior product and interior derivative may be expressed as

rAhw = % (2w + nw x) (2.2.4)
oo = % (2w —nwx) . (2.2.5)

From (2.1.16) and the Clifford relations we have the useful identity
e‘weq, = (—1DP(n—2pw YVweAV). (2.2.6)

Since elements of the Clifford algebra are simply exterior forms, all of the operations
defined in §2.1 can be applied to the Clifford algebra. For this reason, we will often
refer to elements of the Clifford algebra as Clifford forms. From equations (2.2.1) and
(2.2.2) it is clear that 7 is an automorphism of C(V, g) and £ is an anti-automorphism of
C(V,g), hence n(wp) = nwne and (we)¢ = ¢fws. Similarly, X | is an anti-derivation
over the Clifford product with respect to 7. Since Clifford multiplication does not
preserve homogeneity, C(V, g) is not a Z-graded algebra. However, the action of n does
induce a Zs-grading in the same way as for A(V'), and we classify elements of C(V,g)
as being odd or even accordingly. The even elements of the Clifford algebra form the
even subalgebra CT(V, g).

Equations (2.1.25) and (2.2.1) show that the Hodge dual on a Clifford form satisfies

ww = w2z weC(V,g). (2.2.7)
The metric on homogeneous forms may be written as
Wb = Flte)  w dEAV). (2.2.8)
Since the dot product is symmetric, it follows that for arbitrary Clifford forms
Swe) = Hlpw)  w, ¢ C(V,g). (2.2.9)

This fact will be useful in calculations.
Certain elements of C(V, g) are invertible. For example, from (2.2.3) it follows that
2?2 = g(x,x) for x € V. If g(z,x) # 0 then
1 1

= " (2.2.10)

Denoting the group of invertible elements by C*(V, g), the Clifford group is the subgroup
I = {seC'(Vg):sVs'=V}. (2.2.11)
The vector representation x is a mapping x : I' — Aut C(V, g) such that

(8w = sws! YweCV,yg). (2.2.12)
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Since
29(x(s)z, x(s)y) = sws ' sys '+ sys”'swsT!

= 29(z,y) w,ycV,

clearly x(s) € @(V,g), the group of orthogonal transformations on (V,g). The range
of x depends on the parity of n. From now on, we will only consider the Clifford
algebra generated by an even-dimensional space where n = 2r. In even dimensions,
x(I') = O(V, g). For a non-null 1-form, the operator p, : V.— V given by

2
pely) = y—BEY gy (2.2.13)

9(z,x)

is the reflection of V' in the the plane orthogonal to z. Any orthogonal transformation
on V extends to an automorphism on C(V,g), hence any non-null 1-form z is in T’
with x(z) = np,. Since any orthogonal transformation can be written as a product of
reflections, it follows that elements of I" are of the form \z'z?...z", where each 2’ is a
non-null 1-form and A is in the center of C(V, g), which is F' for n even. Even elements
of ' form the subgroup I'T.

In even dimensions, the kernel of x consists of the non-zero elements of F', denoted
by F* . We can find a subgroup of I' with the same range under y by imposing a
normalising condition. We will treat the real and complex cases separately. When
F = C, the metric is not characterised by any signature, so the structure of the Clifford
algebra depends only on the dimension. Accordingly, we will use the notation Ca,(C)
for the Clifford algebra of an 2r-dimensional complex space. For the subgroup

Pin(2r,C) = {s el :s%s = 1} (2.2.14)

we have x(Pin(2r,C)) = O(2r,C). Since the orthogonal transformations on V' formed
from an even number of reflections have determinant +1, for the subgroup

Spin(2r,C) = {sel*:sfs=1} (2.2.15)
we have
x(Spin(2r,C)) = SO(2r,C). (2.2.16)

When F' = R, the structure of C(V,g) depends only on the signature of g, so we
will use the notation C, 4(R). The Pin and Spin groups are defined slightly differently
in the real case,

Pin(p,q) = {s €T sfs = il} (2.2.17)
Spin(p,q) = {s €Tt :ss= :I:l} . (2.2.18)

The images under y are

X(Pin(p,q)) = O(p,q) (n even) (2.2.19)
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x(Spin(p,q)) = SO(p,q). (2.2.20)

In (2.2.16) and (2.2.20), the kernel of x is the multiplicative group Zs = {1, —1}, thus
the Spin group is a double covering of the special orthogonal group. For a 2-form ¢
and an arbitrary form w, the Clifford commutator is

[p,w] = —2X,loAnX"dw e A(V), we AV). (2.2.21)

With this commutator, the space Ay(V') forms the Lie algebra of the Spin group. The
exponential mapping given by

ok
exp(w) = Z% we C(V,g) (2.2.22)
k=0 :

sends this Lie algebra into the component of the Spin group connected to the identity.

2.3 Spinors

In this section, we will only consider the complexified Clifford algebra of an even-
dimensional orthogonal space. From a real orthogonal space (V, g) we obtain a complex
orthogonal space (VC, g), where VC is the complexification of V and g is extended to
a metric on V° by complex linearity. The complex Clifford algebra generated by VC is
isomorphic to the complexification of C(Vg),

C(VC g ~ C®C(V,g). (2.3.1)

If w € VE, then w = x + iy for some x, y € V. The complex conjugate of w is given
by @ = x — iy. This operation extends to an algebra automorphism of C(V¢, g), from
which we can recover C(V, g),

ReC(VE,g9) = {weC(VEyg) :w=uw} (2.3.2)
= C(V,9). (2.3.3)

As we are working over the complex field, the structure of C(VC, g) will depend only
on n. However, the presence of a natural complex conjugate induces certain real struc-
tures which have properties related to the signature of g. On occasions, we will write
C,,4(C) to mean the complexified Clifford algebra generated by an orthogonal space
with signature (p, ¢). It is understood that C, 4(C) ~ C,,,(C). We will take the stan-
dard volume form z to be the volume form of V' so that it is real. The square of z then
depends on the signature, with

2 = (—)Hma2 gy (2.3.4)
(-1)P=9/2 ( even), (2.3.5)
although we can always choose # such that 3> = 1 by taking # = z or # = iz as

appropriate. In even dimensions, Z commutes with even elements of the Clifford algebra
and anti-commutes with odd elements. We can use this fact to write the action of n on
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a Clifford form as
nw = ZwZ Ywée Cq(C). (2.3.6)

Note that in odd dimensions, the volume form is in the center of the Clifford algebra.
For n even, the Clifford algebra is isomorphic to a total matrix algebra,

and is thus simple. A left ideal £ of an algebra A is a subalgebra of A such that
AL C L. Tt is minimal if it contains no left ideals apart from itself and zero. If A
is simple, the regular representation given by the left action of A on L is faithful. It
is also irreducible, since the only subspaces of £ fixed by the representation are the
trivial ones. The spinor representation of Co,(C) is the regular representation on a
minimal left ideal S C Cg,(C). The minimal left ideal is called the spinor space, and
its elements are spinors. These are usually referred to in the physics literature as Dirac
spinors. If Cy,.(C) is thought of as a matrix algebra, an example of a minimal left ideal
is the subalgebra of matrices with all columns but the first being zero. However, it is a
fact that all irreducible representations of a simple algebra are equivalent [Alb41]. We
will therefore regard any space carrying an irreducible representation of Co,(C) as a
spinor space, although for many calculations it will be convenient to use a minimal left
ideal as the spinor space. A spinor space must therefore be a complex vector space of
dimension 2". In any case, the action of a Clifford form w on a spinor ¢ will be denoted
by the juxtaposition wi.

The spinor representation of Cs,(C) induces a reducible representation of the even
subalgebra. This subalgebra has the structure

C3(C) ~ My1(C)® My—1(C). (2.3.8)

An algebra that is either simple or a direct sum of simple components is called semi-
simple. Since 32 = 1, the action of # on S gives a decomposition

S = STas™ (2.3.9)

where ST and S~ are eigenspaces of # with eigenvalues +1 and —1, respectively. These
subspaces are preserved under the action of the even subalgebra, since if v is an eigen-
spinor of Z with eigenvalue € = £1, then

2wy = wiy
= ewp YweCy (C). (2.3.10)

Thus the representation of Cj, on S is reducible, while the representation of C3, (C)
on ST or S~ is irreducible. These representations are called the even and odd semi-
spinor representations, with elements of ST and S~ being even or odd semi-spinors.
They are often referred to as Weyl spinors. Each semi-spinor space is a vector space of
complex dimension 2" 1. Spinors lying in the same eigenspace are said to have the same
parity. By restriction, the semi-spinor representations of C;T((C) induce inequivalent
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p—q(mods) 22 c ¢
0 22 = +1 preserves ST and S= (¢°)¢ =+
2 z2=—1 swaps ST and S~  (¢°)° =+
4 22 = +1 preserves ST and S= (¢°)°¢ = —1
6 22=—-1 swaps ST and 5=  (¢°)¢ = —9

Table 2.1: Properties of the charge conjugate.

irreducible representations of Spin(2r, C).
Spinor space admits an isomorphism c : S — S called the charge conjugate, with
the property that

(W) = oY Ywe Cy(C). (2.3.11)

The precise definition of the charge conjugate depends subtly on the dimension. For
our purposes we only require certain properties, which are summarised in Table 2.1.
The spinor representation of Ca,(C) induces real representations of the real subalgebra,
which may or may not be reducible. When p—¢ =4 or 6 (mod 8), the complex spinors
regarded as a real vector space carry an irreducible representation of C, 4(R). When
p—q=0or2 (mod 8), Table 2.1 shows that the charge conjugate has real eigenvalues
+1. Equation (2.3.11) shows that the real subalgebra preserves the eigenspaces of c,
therefore the complex spinors induce a reducible representation of C,,(R). Spinors
which satisfy

Yo o= 9 (2.3.12)

are called Majorana spinors. Each space of Majorana spinors carries an irreducible
representation of C,,(R). For p — ¢ = 0 (mod 8), the eigenvalues of z are also real,
so the Majorana spinors carry a reducible representation of the real even subalgebra.
Spinors satisfying both (2.3.12) and z¢ = £ are called Majorana-Weyl spinors, and
carry irreducible representations of the real even subalgebra.

The spinor space possesses a non-degenerate, C-bilinear inner product (, ) : Sx.S —
C with ¢ as adjoint. For w € Cg,(C) we have

(W, ) = (Y,u¢) VYo, €S, (2.3.13)

showing that ( , ) is Spin-invariant. The symmetries of ( , ) depend only on the
dimension n, and are summarised in Table 2.2. Where the inner product is block
diagonal on ST @ S~, we mean that the inner product of an odd spinor and an even
spinor is zero.

The inner product induces an isomorphism between S and its dual space S*. If
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n (mod 8) (,)
0 symmetric, block diagonal on ST & S~
2 symmetric
4 antisymmetric, block diagonal on ST & S~
6 antisymmetric

Table 2.2: Properties of the inner product on S.

Y € S, then 1) € S* is defined such that

b(d) = (,¢) VoES. (2.3.14)

This should not be confused with the Dirac adjoint, which is the adjoint with respect
to a Hermitian inner product. The space S ® S§* may be regarded as a set of linear
transformations on S by taking

(WY@d)a = (p,a)y Yacs. (2.3.15)

When the Clifford algebra is simple, it is isomorphic as an algebra to S ® S*. The
Clifford product of two tensors is given by

beY)(a®f) = (Ya)pep. (2.3.16)

Thus we can always think of a Clifford form as either an exterior form or an element of
S ® S*. From the Clifford action on spinors, we can deduce the product of a Clifford
form and a tensor, since if w € Ca,.(C),

wip®d)a = (¢ a)wy

= (W®pa Yaes. (2.3.17)
Thus
wHp®P) = WP, (2.3.18)
Similarly,
PR = ¢ @uip. (2.3.19)

Elements of S ® S* may be classified as odd or even under 7 using (2.3.6), since
nee) = (1) ®Zé. (2.3.20)
We can also determine the action of &, using the inner product. Table 2.2 shows that

W, ¢) = (D)2 (g,0) Vo, p€8S. (2.3.21)
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From (2.3.13), we have

(0, (¥ ®¢)B) = (VPP
= (¢,a)(®, B)
= (-0, )(4, 8)
= (-D'2a, (o0 ¢)3) Ya, BeS (2.3.22)
therefore
Wee)t = (-DHpeg Vi, ¢S, (2.3.23)

Since the Clifford algebra is isomorphic to a matrix algebra, it has a well-defined
trace given by

Tr(w) = 2".%w) Ywe Cy(C). (2.3.24)

Using the trace, we are able to express a given Clifford form in terms of a basis for
forms {e4}, where A is a multi-index over the set of naturally ordered sequences of
distinct indices. Then {e4} is a set of forms chosen so that

w = Tr(wey)e? Vwe Cy(C). (2.3.25)
It follows that the trace on S ® S* is given by
Tr(p®¢) = (,9). (2.3.26)
Then an element of S ® S* can be expanded in the basis {4} as
v = (¢eat)et. (2.3.27)

The slight abuse of the equals sign is justified by the fact that S ® S* and Ca,(C) are
canonically isomorphic. We can then use the projection operators to obtain homoge-
neous components of ¥ ® ¢. The components obey the duality condition

Ty ®9) = (-1 % (v ©%6)2. (2.3.28)

With these conventions, the Fierz rearrangement formula is found in the following way.
For Clifford forms M and N, equation (2.3.14) shows that

(¢, (My) @ Néa)B) = (¢, M))(Na, B)
= (¢, Mp)(a, NS) (2.3.29)

for spinors v, ¢, a and . From (2.3.19) and (2.3.27) we also have

(¢, (M9 ® Néa)B) = (¢, e”B)(c, Nea M) (2.3.30)
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from which we obtain the Fierz formula,

(¢, MY)(e, NB) = (¢,e*B)(a, NeaM)). (2.3.31)

We are now in a position to introduce the notion of a pure spinor. A totally isotropic
subspace X is a subspace of VC satisfying

g(z,y) = 0 Vuz, yeX.

If X has dimension h, then zx denotes the r-form product of some basis for X. Since
g is degenerate on X, zx is determined only up to complex scalings. X is maximal if
it is of the highest possible dimension, given by the Witt index of g. As we are working
over the complex field, a maximal totally isotropic subspace (MTIS) has dimension r.
A spinor ¥ may be correlated with an isotropic subspace in the following way. The null
space Ty, of 1 is the subspace of V© given by

Ty={zx eV :z)p=0}. (2.3.32)
For non-zero v, Ty, is clearly an isotropic space, since for x, y € Ty,

29(z,y)y = (zy+yx)y
= 0.

From the definition of x it follows that
Toy = x(s)Ty Vsel, (2.3.33)
while from (2.3.11) we have
Tpe = Ty. (2.3.34)

The nullity of 1 is the (complex) dimension of Ty, denoted by N (¢). This term appears
to have been used first by Trautman [TT94]. If the metric on the real space V has
indefinite sign then V' admits real null vectors. The real index of an isotropic subspace
is dim¢ (X N X). The real index of v is the real index of Ty,

In general, there may be many spinors correlated with a given null space. We say
that a non-zero spinor 9 is pure if Ty, is maximal. Up to scalings, there is a one-to-one
correspondence between v and T}, thus ¢ is said to represent T,. Pure spinors are
necessarily semi-spinors, hence we may classify a MTIS as odd or even according to
the parity of its representative spinor. In the following lemma, we summarise some
standard results. The proof may be found in [BT87].

Lemma 2.3.35 Let u and v be pure spinors representing T, and T,.
(1) w and v have the same parity iff dime(T, NT,) =7 (mod 2).
(2) For A\, e C*, A+ pv is pure iff dime(T, NTy) =1 orr — 2.
(3) (u,v) =0 iff T,NT, # {0}.



§2.4 Calculus on manifolds 18

(4) If dime(T, NTy,) = h then Zp(u®v) =0 for all p < h and p > 2r — h, while

F(u®v) = 21,1, - (2.3.36)

Part (2) of the lemma shows that all semi-spinors are pure for r < 3. In higher
dimensions, part (4) shows that a semi-spinor « is pure if and only if

Fpueu) = 0 Vp#r. (2.3.37)

This is Cartan’s characterisation of pure spinors. Then v ® % is a decomposable form
of degree r, which we may identify with z7,. This form is an eigenvector of the Hodge
dual, since

s(u@a) = (1)'H2y @zu (2.3.38)

where zu = £u or +iu, depending on the signature of g and the parity of u. The Hodge
dual decomposes the space of r-forms into two eigenspaces, one consisting of self-dual
forms and the other of anti self-dual forms. Since the choice of which space is ‘self-dual’
is purely conventional, we will choose our space of self-dual forms so that the tensor
product of an even pure spinor with itself is self-dual.

2.4 Calculus on manifolds

Until now we have considered purely algebraic properties of Clifford algebras. We now
consider Clifford algebras and spinors on manifolds. Let (M, g) be an n-dimensional
pseudo-Riemannian manifold. We use the standard notation T, M for the space of
tangent vectors at p € M. The collection of tangent spaces is the tangent bundle TM.
Similarly, the dual space of cotangent vectors at p € M is T; M and the cotangent
bundle is T*M. The bundle of differential forms is denoted by AM. A subscript is
used to indicate a bundle of homogeneous forms, thus we can identify Aq M with T*M
and AgM with the space of functions F(M). We use the prefix I" to indicate the space
of sections of a bundle. For example, a vector field on M is an element of I" T'M.

From g we obtain the unique g-compatible torsion-free covariant derivative V on
tensor fields. The covariant derivative has certain fundamental tensors associated with
it. The curvature operator is a derivation on tensor fields given by

R(X,)Y) = VxVy—-VyVx— V[Xy] X, Yel'TM. (2.4.1)

This operator is F-linear in X, Y and its operand, thus we may use it to define the
(3,1) curvature tensor Curv, given by

Curv(X,Y, Z,w) = w(R(X,Y)Z) (2.4.2)

where X, Y and Z are arbitrary vector fields and w is an arbitrary 1-form. Since
R(X,Y) is antisymmetric in X and Y, the curvature tensor may be written in terms
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of a set of curvature 2-forms R%, as
Curv = 2RY% @ ®X,. (2.4.3)
By contracting Curv we obtain the (2,0) Ricci tensor,
Ric(X,Y) = Curv(X,, X,Y,e%). (2.4.4)

The Ricci tensor may be written using a set of Ricci 1-forms P, as Ric = P, ® e® where
P, = X, JR?,. Contracting once more we obtain the curvature scalar 22,

» = X*1P,
= Ric(X,, X9). (2.4.5)

We will sometimes make use of the first Bianchi identity,
R%WAe® = 0 (2.4.6)

and the contracted Bianchi identities

Xyl X Ry — Xy 1X, 1Ry = 0 (2.4.7)
X, 1P, — X, 1P, = 0 (2.4.8)
PoAe® = 0. (2.4.9)

For n > 2, the (3,1) conformal tensor is constructed from the curvature tensor in such
a way that it is invariant under conformal rescalings of the metric. We write it using a
set of conformally invariant conformal 2-forms C%, as

C = 20%®e®X, (2.4.10)

where

1 1
Cap = Rp———PsNey—FPNeg)+ ——n——
The conformal tensor has the same symmetries as the curvature tensor, while the
conformal 2-forms satisfy a ‘pairwise symmetry’ condition similar to (2.4.7).
In the absence of torsion, the exterior derivative d : TA,M — T'Ajp1 1 M may be
expressed in a basis as

Peq,. (2.4.11)

d = e*AVy,. (2.4.12)

It is nilpotent with d?> = 0, and is an anti-derivation over the exterior product with
respect to 1. Its adjoint operator, the co-derivative d* : T'Ap,M — I'A;,_1 M is given by

d* = s ldxn. (2.4.13)

The co-derivative is not an anti-derivation, but it does satisfy (d*)2 = 0. From the
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metric-compatibility of V, it follows that
Vx* = xVyx VXel'TM (2.4.14)
hence we may write the co-derivative as
= —X°1vy,. (2.4.15)

The complexified Clifford bundle C*(M, g) is identified with the complexification
of the exterior bundle,

AM = | MTyME). (2.4.16)
pEM

The Clifford product and exterior operations are defined on each fibre of this bundle as
in §2.2. Since V commutes with contractions, it follows that it is a derivation on the
tensor and exterior products. If we allow the covariant derivative to act on complex
forms, the Clifford relations (2.2.1) and (2.2.2) show that V is also a derivation over
Clifford products. The curvature operator on a Clifford form is related to the curvature
2-forms and the Clifford commutator by

RX,Y)w — %e“(X)eb(Y) (Rup, 0] ¥ w e TACM. (2.4.17)

Since we regard Clifford forms as complex exterior forms, we can differentiate a Clifford
form with the exterior derivative or co-derivative. In addition, we have the Hodge-de
Rham operator d defined in terms of the Clifford action by

d = e'Vy,
= d-d. (2.4.18)

Clearly d maps a homogeneous form to an inhomogeneous form. Its square, the Laplace-
Beltrami operator /A given by

A = —(dd* + d'd) (2.4.19)

preserves the degree of a form. On a Clifford form w we have
2 L 1 ab
Aw = Vw-— 1 Huw — 1Rabwe (2.4.20)
where V? is the trace of the Hessian,

V? = Vx,Vxa—Vy,xa. (2.4.21)

The fibre C; (M, g) at p € M is isomorphic to C(TyM", g) ~ C,,(C). Although we
can always find a spinor representation for the Clifford algebra at each p € M, there
are topological obstructions to forming a bundle of such representations. If M admits
a spinor bundle S(M), it is called a spin manifold. Locally, we may always consider
the spinor bundle to be isomorphic to a sub-bundle of the Clifford bundle, with each
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fibre being a minimal left ideal of the Clifford algebra.

A spinor field on M is a section of the spinor bundle. The covariant derivative on
tensors naturally induces a covariant derivative on spinor fields, for which we will use
the same symbol V. The covariant derivative is a derivation with respect to the Clifford
action, so for w € TA°M and 3 € T'S(M) the derivative of the spinor wi obeys the
Leibniz rule,

Vx(wy) = Vxwiyp+wVxy VX elTM. (2.4.22)
It is also compatible with the inner product,

X, 0) = (Vxv,0)+ (¥, Vx9) Vo, ¢ €'SIM) (2.4.23)
and the charge conjugate,
(Vxy)¢ = Vxy© V¢ el'SIM). (2.4.24)
The action of the curvature operator on spinor fields is given by
R(X, Y)W = %ea(X)eb(Y) Rap ¥V € TS(M). (2.4.25)
An important operator on spinor fields is the Dirac operator D, given by
D = eV, . (2.4.26)
Note that the Dirac operator formally resembles the Hodge-de Rham operator. Anal-

ogously to the Laplace-Beltrami operator on forms, the spinor Laplacian is the square
of the Dirac operator. It is related to the Hessian and curvature scalar by

D% = V- i%ﬁ V4 e TS(M). (2.4.27)



Chapter 3

Classification of Spinors

The problem of classifying spinors is usually formulated as
(1) determining the structure of the spinor orbits under the action of the Spin group;
(2) calculating the isotropy group (stabilizer) of each orbit; and
(3) describing the algebra of invariants of the spinor space.

The orbit of a spinor direction under the Spin group forms a manifold whose structure
is determined by the isotropy group of the spinor. Classification of spinors was first
studied by Chevalley, who examined the orbit of pure spinor directions [Che54]. He
found that the Clifford group acts transitively on the space of pure spinor directions,
and that the orbit of pure spinors is the orbit of least dimension. Chevalley’s analysis
classifies spinors in all dimensions up to six, since in those cases all spinors are pure.
More recently, Igusa has classified spinors in dimensions up to twelve [Igu70]. In Igusa’s
formulation, spinors carry a representation of the Clifford algebra generated by a vector
space W equipped with a non-degenerate quadratic form f. The base field F' is of
characteristic different from 2, and it is assumed that f has maximal index over F. A
representative of each orbit is presented, together with its isotropy group as a subgroup
of the Spin group, for all dimensions n of W up to twelve. Using similar techniques, full
classifications of spinors have been found in thirteen dimensions by Kac and Vinberg
[KV78] and in fourteen dimensions by Popov [Pop80] and Zhu [Zhu92]. Popov notes
that the case of fourteen dimensions

“...is one of the last where the problem of classifying spinors [in the sense
of Igusa] has a reasonable meaning and can be conclusively solved (the cases
of Spin(15) and Spin(16) can, apparently, be completely decomposed, but
in higher dimensions difficulties in principal arise).”

The case of sixteen dimensions has been settled by Antonyan and Elashvili [AES2].
The subspaces of W on which f is identically zero are called isotropic. The condition
that f has maximal index means that the maximal totally isotropic subspaces (MTIS)
of W are of dimension r = |n/2]. There is a one-to-one correspondence between
MTIS’s and pure spinor directions. A metric g on W can be constructed by taking
g(z,y) = f(x +y) — f(x) — f(y) for all , y € W. When W is a real vector space,

22
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g must have signature (p,q) where |[p — ¢/ = 0 or 1, and r = min{p,q}. If W is a
complex vector space then ¢ is not characterised by any signature. However, if W
is the complexification of a real vector space V, and ¢ is a metric on V extended to
W by complex linearity, then W exhibits certain real structures which depend on the
signature of g. Little is known about the classification of spinors of a complexified space
under the action of the real Spin group, however Kopczyriski and Trautman have show
that Pin(p, q) acts transitively on the space of pure spinor directions with a given real
index, and that Spin(p, q) acts transitively on the space of pure spinor directions with
a given real index and a given parity [KT92].

In this chapter we consider a ‘coarse’ classification of semi-spinors using two prop-
erties which are invariant under the action of the Spin group (in the following we will
usually refer to semi-spinors simply as spinors). The motivation for the first of these
is the following. A spinor basis consisting only of pure spinors can always be found,
so any spinor can be expressed as a sum of pure spinors. However, the dimension of
the space of spinors grows exponentially with n, since it is 21"/2]. We first pose the
question: what is the minimum number of pure spinors required in order to express a
given spinor as a sum of pure spinors? Since pure spinors are the ‘simplest’ spinors,
many calculations are easier if the spinor is expressed in this minimal form.

Secondly, we consider the possible values for the nullity of a spinor, which for
an impure spinor is necessarily less than r. This property has also been studied by
Trautman and Trautman [TT94]. They have calculated the dimension of the space of
spinors of a given nullity. In particular, for n = 8 and n > 10, they show that a ‘generic’
spinor has nullity 0. Trautman and Trautman also found that there are no spinors of
nullity v such that r —4 < v < r or v = r —5. The classification of spinors given in this
chapter is coarser than that given by Igusa in the sense that there are many distinct
spinor orbits for which these two characteristics are the same.

In the following we will only consider spinors of the complexified Clifford algebra
generated by a real 2r-dimensional vector space equipped with a positive-definite met-
ric. Although the base field is the complex numbers, the choice of metric provides
applications to the geometry of Riemannian manifolds. The existence of a globally
parallel spinor field on such a manifold leads to a reduction in holonomy, which can
be calculated if the isotropy group of the spinor as a subgroup of the real Spin group
is known. It is well known that the existence of a parallel pure spinor field implies a
reduction of holonomy to SU(r) [LM89]. Using our classification, we are are able to
determine the isotropy group of an impure spinor in some instances.

3.1 Pure spinors

The complexification of a real 2r-dimensional orthogonal space (V,g) generates the
Clifford algebra Cs,(C), which is the complexification of Cs,(R). Since the dimension
of V is even, Cs,.(C) is isomorphic to the algebra of 2" x 2" complex matrices. The
spinor representation of Csg,(C) induces a pair of inequivalent irreducible semi-spinor
representations of the complex Spin group. The real Spin group is a subgroup of
Spin(2r, C), defined as in §2.2. Note that we must have s¢s = 41 for s € Spin(2r) since
the metric is positive-definite. When extended by complex linearity to a metric on V°, g
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has maximal Witt index, and so pure spinors correspond to MTIS’s of dimension r. We
will be considering a classification of semi-spinors based on some of their geometrical
properties. We begin by reviewing some aspects of the geometry of pure spinors.
Given G C I', a pair of spinors ¥ and ¢ will be called G-equivalent if there exists
s € G such that ¢ = s¢. If this is the case we will write ¥ < ¢. This relation
decomposes S into equivalence classes or G-orbits. If a G-orbit is represented by 2,
then the structure of the orbit is determined by the subgroup of G which fixes .
When the base field is the complex numbers, Igusa has classified spinors where G is the
complex Spin group. For our purposes, however, it is the action of the real Spin group
on complex spinors that is of interest. We therefore define the isotropy group G as

Gy = {se€Spin(2r):sp =1} . (3.1.1)

Note that Igusa’s classification is valid for any field of characteristic different from 2,
provided that the signature of g is maximal. So if the base field is the real numbers,
we have a classification of real spinors under Spin(r,r), but not under Spin(2r).

The correspondence between pure spinors and MTIS’s allows the isotropy group
of a pure spinor to be found. Firstly, we show that given a pure spinor, V® can be
decomposed into the direct sum of a MTIS and its complex conjugate. Let 1 be a pure
spinor representing Ty. If z € Ty N TT/, then z¢) = 0 and Z¢ = 0. The vector i(z — Z)
is real, and we have

gli(z — )iz —2)y = —(z-2)%
=0

therefore g(i(x — Z),i(x — )) = 0. Then i(x — Z) = 0, since g is positive-definite, and

thus Z = x. But x is null, and the only real null vector in V< is the zero vector, so we
have Ty, N Ty, = {0}. Since dim¢ T3y = r, VC can be decomposed as the direct sum

Ve = TyaT,. (3.1.2)

The decomposition (3.1.2) induces an orthogonal complex structure on (V,g), that
is, an orthogonal transformation J : V — V such that J2 = —1. Let J be a C-linear
mapping on V° defined by

Jr = w VxeTy,
Jr = Jz VaxecVE. (3.1.3)
Then Ty, is also an eigenspace of J with eigenvalue —i. Certainly .J 2 = —1, so the

restriction of J to V is a complex structure on V. We can regard V as a complex
vector space of dimension r by defining the action of C on V' by

A+ip)v = Xv+pJv VA peR veV. (3.1.4)

We now show that J is an orthogonal transformation on (V¢ g). By (3.1.2), we can



§3.1 Pure spinors 25

always write v € VC as v =  + y where = € Ty and y € TTp Then

g(Jv, Jv) = gliz — iy, iz — iy)
= —g(z,2) — gy, y) +29(z,y)
= g(z,x)+9g(y,y) +2¢9(x,y), since x and y are null
= gl@+yz+y)
— go). (3.15)

Since g is symmetric, this implies that g(Ju, Jv) = g(u,v) for all u, v € VE. Then
the restriction of J to V' is an orthogonal complex structure on (V, g). Regarding V' as
a complex vector space via (3.1.4), an Hermitian form ( , ) on V' can be constructed
from g and J by taking

(@, y) = g(zy) +iglx,Jy) Vz, yeV. (3.1.6)
Now we show that J commutes with x(Gy). If s € Gy and x € T}, then

x(s)xy = ses~ L)

= sx
so x(s)xtp = 0. Then x(s)z € Ty, and we have
X(Gy)Ty = Ty (3.1.7)
and
WGoTy = T, (3.18)

since Gy, is real. This implies that for s € G, and v =z +y where z € Ty, and y € Ty,
we have

Ix(s)v = Jx(s)(z+y)
= Jszs 4 Jsys™

' —isys™ by (3.1.8)
1

1

= isxs”
= sJrs 4 sJys”
= x(s)Jv. (3.1.9)

Clearly, x(s) is an isometry of the Hermitian form ( , ) for each s € Gy. These
properties of pure spinors give rise to the following well-known result. The proof is a
modification of that found in Lawson and Michelsohn [LM89].

Theorem 3.1.10 For a pure spinor ¢ in 2r dimensions, Gy ~ SU(r).

Proof. If s € Spin(2r) and sy = X\, A € C, then x(s)Tyy = Ty. By (3.1.9) we have
x(s) € U(r) where

U(r) = {o€S0(2r):0J=Jo}. (3.1.11)
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Conversely, if o € U(r) then there exists s € Spin(2r) such that x(s) = o. Since x(s)
commutes with J, it must leave Ty, and TTZ, fixed. Now

sep = (sws1)si
-0 V2eT, (3.1.12)

Since szs~! € Ty, this implies that st = M\, A € C. Thus
U(r) = x({seSpin(2r): sy =, A € C}). (3.1.13)

To find the determinant of x(s) we need the fact that for an n-form z in an n-
dimensional vector space, we have 7z = det(7)z for 7 € GL(n,C). Consider an Hermi-
tian form (, )’ on Ty defined by

(z,y) = g(z,9). (3.1.14)
Now U(r) is isomorphic to the group
{re At Ty : (ta,7y) = (z,y) Vo, y € Ty}

and Aut Ty ~ GL(r,C). The r-form 27, may be identified with ¢ ® 1, and so

X)W eY) = s(peP)s!

= sY®sy
X1 @ 1) (3.1.15)
hence det x(s) = A2, Thus
SU(r) = x({s € Spin(2r): sy =£¢}) . (3.1.16)

Since SU(r) is simply connected, x~'(SU(r)) consists of two connected components,
one containing 1 and the other containing —1. The component containing —1 cannot
fix ¥ and so G, is isomorphic to SU(r). "

We now consider an application of spinor geometry to the geometry of Riemannian
manifolds. Let M be a connected, n-dimensional Riemannian manifold. Given a
closed curve 7 based at p € M, let o : T, M — T, M be the transformation given by
parallel translation around ~. The set of all such transformations forms the group H, C
O(TpM, g) ~ O(n). The conjugacy class of H, as a subgroup of O(n) is independent
of p. The holonomy group H(M) of M is the conjugacy class of H, in O(n). A spinor
¥ is parallel if Vxi = 0 for all X € I'TM. The following theorem of Lawson and
Michelsohn [LM89] shows how the holonomy group of M is restricted by the presence
of a parallel spinor field.

Theorem 3.1.17 Let M be an n-dimensional Riemannian spin manifold admitting a
globally parallel spinor field . Then

H(M) C Gy (3.1.18)
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where Gy, is the conjugacy class of Gy, in Spin(n) at p € M. Conversely, if H, C Gy,
for 1y, then ¥, may be extended to a globally parallel spinor field on M.

Theorem 3.1.10 and Theorem 3.1.17 imply that if a 2r-dimensional manifold M

admits a parallel pure spinor field ¢ then H(M) C SU(r). The existence of a parallel
spinor also imposes strict integrability conditions. We have

RX,)Y)y = 0 VX, Yel'IM. (3.1.19)
Then from (2.4.25) we have
Ry = 0. (3.1.20)
Multiplying on the left with e? shows that
Py = 0 (3.1.21)

since e’ Ry, = —P, by (2.4.6). Since each P, annihilates 1 it is null, but it is also real
so we must have P, = 0 for each a. Thus an even-dimensional Riemannian manifold
admitting a parallel spinor is Ricci-flat.

Now 1) determines a collection of null covectors Ty, (M) given by

Ty(M) = {z el TM":2¢ =0} . (3.1.22)

The cotangent vectors of Ty (M) at a point p € M form a MTIS of T ME, and
so Ty (M) determines a distribution of null r-planes contained in the complexified
cotangent bundle. Since 1 is pure, in the same way as (3.1.3) we have a tensor field
J € T T1'M such that J2z = —x for all z € T T*M. Such a tensor field is an almost
complex structure for M. In this case, (3.1.5) shows that J is also an orthogonal
transformation. For x € T T*M® and X € I' TM we have

Vx (x¢y) = Vxx¢+aVxy
= Vxav. (3.1.23)

If x € Tyy(M), this shows that Vxx ¢ = 0, hence Vxz € T;(M). Since V commutes
with complex conjugation, it is also true that if y € Ty (M) then Vxy € T,(M). Any
v € I'T*M can be written as v =  +y where x € Ty(M) and y € T;y,(M). Then

Vx(JU) = iva - iVXy (3.1.24)
but also

Vx(JU) = VXjU-i-JVXU
= VxJv+iVxx—iVxy (3.1.25)

and so J is parallel. A Riemannian manifold admitting a parallel orthogonal almost
complex structure is called a Kdhler manifold. This result together with (3.1.21) shows
that an even-dimensional Riemannian manifold admitting a parallel pure spinor is
Kahler and Ricci-flat.



§3.2 Invariants of spinor space 28

3.2 Invariants of spinor space

In general, finding the isotropy group of an impure spinor is a difficult problem. Our
approach is to investigate some properties of impure spinors which are invariant under
the action of the Clifford group I'. Given an equivalence relation ~ on S, an invariant
is a function f on S such that f(¢) = f(¢) if ¥ ~ ¢. A set of invariants is complete if
it contains an element f such that f(1) # f(¢) for any pair of spinors such that ¥ % ¢.
A complete set of invariants is said to separate the orbits. In this section, we introduce
a pair of invariants which in some sense indicate the amount by which a spinor deviates
from being pure. For some spinors, knowledge of these invariants allows us to place
restrictions on the corresponding isotropy group, and hence on the holonomy group of
a manifold admitting a parallel impure spinor.

In 27 dimensions, we can choose a basis of pure spinors for the (2"~!)-dimensional
space of semi-spinors, hence any spinor can be written as a sum of at most 2"~ pure
spinors. Obviously, not all linear combinations of pure spinors will be pure, but it is
possible to find pure subspaces where each element (excluding the zero spinor) is pure.

Lemma 3.2.1 Let {uy,...,un} be a set of linearly independent pure spinors such
that w; + wj is pure for all i, j € {1,...,m}. Then every non-zero spinor 1) €
SPe{Ut, ..., Um} 1S pure.

Proof. Adopting the summation convention, let i) be a non-zero spinor such that
Y = Nu;, A\* € C. In 2r dimensions, ¢ is pure if and only if .7, (1) ® ¥) = 0 for all
p # r. Now

@) = XN .Z(u; @ay). (3.2.2)
Symmetrising, we see that

_ 1 . .
W @Y) = AN T @4 +uj ©u). (3.2.3)

\

But each u; + u; is pure, therefore

0 = %((Uﬂruj)@m) Vp#r
= Sp(ui @ ;) + Fp(u; ® U5)
+ Spui ® 1) + uj © ;) (3.2.4)
Since each w; is pure, .7, (u; ® 4;) = 0 for all p # r hence
Fpui@ujtuj@u) = 0 Vp#r (3.2.5)

so 1 is pure. [

We can always find pure subspaces of dimension r. To illustrate this, we will
construct a spinor representation using a minimal left ideal of Cs,.(C). Suppose that
Y is a maximal totally isotropic subspace of VC, and let zy be an r-form product of
some basis for Y. Then the subspace Ca,(C)zy is a minimal left ideal, hence we may
identify it with the space of spinors S. Given a second MTIS X complementary to Y,
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we have the decomposition V€ = X @ Y. Bases {2’} and {y'} for X and Y may be
chosen so that

syl i) = 69 Vi, je{l,...,r}. (3.2.6)

Such a basis is known as a Witt basis (in the following, the indices ¢ and j run from 1
to r). In this basis, we can fix 2y = y* Ay? A... Ay". Now any element of Cs,(C) can
be written in terms of the 2 ’s and y'’s. Using (3.2.6), an element of Ca,(C) may be
written with all the y*’s occurring on the right-hand side. Since vectors in Y annihilate
zy it is clear that Co.(C)zy = C(X,g)zy. As X is isotropic, its Clifford algebra is
identical to its exterior algebra, thus S = A(X)zy. The odd and even semi-spinor spaces
S* may be identified with the corresponding spaces of odd and even forms, AT (X)zy-.
Each of these carries an irreducible representation of the even subalgebra, and hence
of Spin(2r,C). This identification of the space of spinors will be used throughout the
chapter. A basis for ST is given by
{zy, xij2y, xijkl2y,..., :):12“""25/}

where we have used the abbreviation z° A 27 = z%. Each element of this basis is a
pure spinor. For example, zy represents Y, while 122y represents the space spanned
by {z!, 22,93, y%,...,y"}. Note that since g is positive-definite on real vectors, we can
always choose X =Y and z' = ¢*, however any MTIS complementary to Y may be
used, a fact which will be useful later on.

A pure subspace must necessarily consist of spinors with the same parity. It can
easily be verified that the set P of linearly independent even spinors

P = {Zy, 22zy, 22y, .., x”z;f} (3.2.7)

has the property that the MTIS’s corresponding to any pair of distinct elements inter-
sect in r — 2 dimensions. This shows that the sum of any two elements of P is pure,
and so by Lemma 3.2.1, P is a basis for a pure subspace of dimension r. For r > 3,
extending P by adding another element of the form 2¥z2y, 2 < i < j < r introduces
impure spinors, since the MTIS of such an element would intersect with the MTIS of at
least one element of P in less that r —2 dimensions. In addition, extending P by adding
adding an element of the form z'%2rzy p > 2 also introduces impure spinors, since
the MTIS of such an element would intersect with the MTIS of zy in r — 2p dimensions.
Thus it seems that r is the maximal dimension of a pure subspace for » > 3. Note that
for r = 3 the set

Ps = {Zy, 222y, 232y, x23zy} (3.2.8)

is the basis of a pure subspace, which shows that all semi-spinors are pure for r < 3.
In view of this we might suppose that any semi-spinor can be written as a sum of at
most [2"~!/r] pure spinors. In fact, in low dimensions it is possible to do much better
than this. For a spinor v, we define the pure index P(1) to be the least number of
pure spinors {u;} such that ¥ = Y, u;. It is easy to show that P(1)) is an invariant of
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the orbit. Let s € I' and suppose that P(¢)) = m and P(s¢)) = n. Then we can write

s = up+ug+---+u, (3.2.9)
where u; is pure for each i € {1,2,...,n}. So
Y o= s tup s tug 4o+ sy, (3.2.10)

Now if w is pure, then so is su, and so we have P(1)) = m < n. By the same argument,
n < m and so P(¢) = P(s).

The second invariant is the nullity of a spinor, as discussed in §2.3. Pure spinors are
characterised by the fact that they correspond to maximal totally isotropic subspaces,
and this correspondence is one-to-one up to scalings. Impure spinors also induce totally
isotropic subspaces via (2.3.32), but these are not maximal, nor is the correspondence
unique. From (2.3.33), it is clear that the nullity of a spinor is invariant under the
action of the Clifford group, and hence of the Spin group. A pure spinor always has
P(y) =1 and N(¢) = r. The following lemma places an upper bound on the nullity
of an impure spinor. A similar result has been found independently by Trautman and
Trautman [TT94]. Details are given in §3.5.

Lemma 3.2.11 For an impure semi-spinor ¢ in 2r dimensions, N () <r — 4.

Proof. Suppose that the spinor space of Cy,(C) is identified with A(X)zy as above.
Now the Clifford group acts transitively on the space of pure spinors, so for any pair
of pure spinors u and v there exists s € I' such that su = v and hence x(s)T, = T).
The null space of an impure semi-spinor ¥ is contained in some MTIS represented by
a pure spinor, which we can map to zy using an element of I". That is, there exists
s € I" such that s is even and sTws_1 CY, thus ysyp =0 for all y € 5T¢s_1. Suppose
that N(¢)) = h. We can choose a Witt basis {¢,y'} for V€ such that {z°} is a basis
for X, {y'} is a basis for Y and {y"~"*1,...,y"} is a basis for sTys~!. Now s can be
written as

s = wzy (3.2.12)
where w € AT (X). For each basis vector y',
ywzy = ([yi,w] + wyi) zy

= [y',w]zy since y'zy =0,

= 2(y)f Jwzy since w is even. (3.2.13)
Now y'si) =0 for i € {r —h+1,...,7r}, hence
(') dwzy = 0 forie{r—h+1,...,r} (3.2.14)
Since {2%, %'} is a Witt basis, (y*)* Jw € A~ (X) and so (3.2.14) implies that

(y)lw = 0 forie{r—h+1,...,7} (3.2.15)
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This can only be true if w € A+(X) where X = speirt, ..., 2" "}, Now we examine
some cases. If h =r — 1 then AT (X ) is 1-dimensional, thus si is proportional to zy,
which is pure. But st is pure if and only if ¢ is pure. This is a contradiction since
h<r. If h=r—2 then

s = (M+Xa'?)zy, neC. (3.2.16)

Thus v is a linear combination of two pure spinors with corresponding MTIS’s Y and
speixt, 22,93, ..., y"}. Since the dimension of their intersection is r — 2, s¢ is pure,
which is a contradiction. If h = r — 3 then

s = ()\1 + )\22612 + >\3$13 + )\4$23) zy, XN €C. (3.2.17)

As noted in (3.2.8), any linear combination of these spinors is pure, which is a contra-
diction, so N(¢) <r —4. n

In the case of a spinor 9 with pure index 2, Lemma 3.2.11 can be used to show that
the null space of 1 is precisely the intersection of the MTIS’s of its pure components.

Lemma 3.2.18 Let ¢ be an impure semi-spinor such that ¥ = uy + uo, where uy and
ug are pure. Then Ty = Ty, N'T,.

Proof. It is clear that T3, NTy, C Ty. Consider w € Ty,. Now
(zw4wx)y = 0 YVazeT, NT,, (3.2.19)

so g(x,w) = 0 for all & € Ty, NTy,, that is, w € (Ty, NTy,)*. Suppose that dime Ty, N
Ty, = h. Since Ty, NTy, C Ty, in 2r dimensions we must have h < r — 4 by Lemma
3.2.11. We may choose a Witt basis {z*,y’} such that T},, = spe{z!,..., 2"}, TyyNTyy, =
spe{xt, ... 2"} and Ty, = spe{at,..., 2" "L ... y"}. Let Up = spe{zh™!, ... 2"}
and Uy = spe{y"*!,...,y"}. Then T,, N T, is orthogonal to Uy, Us and itself. These
subspaces are pairwise-disjoint, and the sum of their dimensions is 2r — h so we see that

(T, NTy,)t = (T, NTy,) UL B Us. (3.2.20)
Hence we can write w as
w = wo+wp+ wy (3.2.21)

where
wo € Tu1 ﬁTu2, w1 € Uy and wy € Uy .

Suppose that w; = 0. Then since w, wg € Ty and we € Ty, we have wou; = 0. But
then we € Ty, and so we = 0. That is, w € Ty, N T,,. Similarly, if ws = 0 then
w € Ty, NT,.

Conversely, suppose that w; # 0 and wa # 0. Since w € Ty, it is null, therefore
g(w1,w2) = 0 and we may choose a new Witt basis so that

2t = w1 and yh+2 = wy.
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Then since w1 = 0 we have

ey = —yh 2 (3.2.22)

Now h +4 < r, so we can multiply both sides of (3.2.22) by z"*3 to obtain

ght3phtlyy = _ght3yht2,
— 23y,
= 0. (3.2.23)
But also
yht3ght3ahtly, (1 _ wh+3yh+3) 2y,
= 2y (3.2.24)
so 2" 1uy = 0, which is a contradiction. Thus the only possibility is that w; = wy = 0,
and w € Ty, NTy,. L]

Since the MTIS’s corresponding to a pair of pure spinors with the same parity must
intersect in r (mod 2) dimensions, an immediate consequence of Lemma 3.2.18 is that
a spinor ¢ with P(¢) = 2 has N(¢) = r — 4 (mod 2). This is not necessarily the case
if P(¢) > 2. For example, in fourteen dimensions (r = 7), Table 3.2 in §3.5 shows that
there are spinors of nullity 0. As we shall see in the next sections, for dimensions eight
and ten the value of N(¢) determines P(v), and vice-versa.

While these two functions are invariants of the spinor space, in general they do not
separate the orbits. In the next sections we will determine the pure index and nullity
for all spinors up to twelve dimensions, and partially in fourteen dimensions. While
this relies partly on the classification of spinors in twelve and fourteen dimensions, since
our aims are modest we are able to use more elementary techniques than those used in
[Igu70] and [Pop80] for the full classification.

3.3 Spinors in eight dimensions and triality

Eight dimensions (r = 4) is the lowest even dimension which admits impure spinors.
Since the semi-spinor spaces are 8-dimensional and admit 4-dimensional pure subspaces
we can determine the pure index and nullity of an impure spinor.

Theorem 3.3.1 Let ¢ be an impure semi-spinor in eight dimensions. Then N () =0
and P(y) = 2.

Proof. The space of even semi-spinors ST can be decomposed into two pure subspaces
S and Sy where

+ _ 12 13 14
ST = SPC{ZY, x 2y, T2y, X ZY},

S; = Spc {$23Zy, x24,2y, 93342y, :U12342y}
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and St = S @ S;r . A similar decomposition is possible for the space of odd semi-
spinors S™. Hence 1 can always be written as a sum of two pure spinors, one lying in
S{ and the other in S5". The intersection of the MTIS’s represented by the two pure
spinors must have dimension 4 (mod 2), but it cannot be 4 or 2 since then 1) would be
pure. By Lemma 3.2.18 we must have N(¢) = 0. L]

The spinor representation of Spin(8, C) has the interesting property of triality. The
three spaces V¢, ST and S~ each have complex dimension eight, and the Spin-invariant
inner product (, ) with £ as adjoint is symmetric, C-bilinear and non-degenerate on
each of the semi-spinor spaces. We may take the inner product to be scaled so that

(Y, 0) = (¥5¢°) Vo, ¢e5. (3.3.2)

Then the three spaces (VC, g), ST and S~ with (, ) as metric are isomorphic as
orthogonal spaces. Cartan’s ‘principle of triality’ is the existence of an isometry which
cyclically permutes these three spaces. For this dimension and signature, the complex
semi-spinors are simply the complexifications of the real semi-spinors, and the charge
conjugation operator preserves the semi-spinor spaces. From Table 2.1, we can see that
this only occurs when the signature satisfies p — ¢ = 0 (mod 8). It then makes sense
to talk about the real semi-spinor spaces given by ReS* = {1 € ST : ¢ = ¢}. On
ReST, the inner product is positive-definite, so V, ReST and ReS™ are also isomorphic
as real orthogonal spaces. For a semi-spinor u, equation (2.3.20) shows that v ® @ is
an even form, while (2.3.23) shows that it is also even under £. In eight dimensions,
the only forms which satisfy both conditions are 0-forms, 4-forms and 8-forms. The
0-form component of u ® u is proportional to (u,u), and dual to the 8-form component
by (2.3.28), so u is pure if and only if (u,u) = 0. Since the inner product is positive-
definite, pure spinors are necessarily complex.

Theorem 3.1.10 shows that the isotropy group of a pure spinor in eight dimensions
is SU(4). In general, the converse is not true. The following procedure due to Benn
shows how a pure spinor can be constructed from a complex impure semi-spinor of a
certain type [Ben90]. We then show that the isotropy group of the impure spinor is also
SU(4). Consider an impure semi-spinor u. Since (u,u) # 0 we can scale u to obtain
a unit spinor %. The charge conjugate 4° has the same parity as 4 and is also a unit
spinor by (3.3.2). Now (4, u¢) is real, and we have the inequality

(4,4 > 1 (3.3.3)

with equality if and only if & = u°. To see this, we observe that i(4 — u°) is a real
spinor. The inner product is positive-definite on real spinors, thus

—((a—a%), (@ —a)) =0 (3.3.4)

from which (3.3.3) is immediate.

Now it is clear that if (@, 4°) = 1 then w is proportional to a real spinor. On the
other hand, if we suppose that u is proportional to a real spinor, say ', then the only
possible normalisations of u are & = +1//(u/, ') «'. Thus @ is real and so (4, u¢) = 1.

That is, (@,a¢) = 1 if and only if u is proportional to a real spinor.
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Suppose that u is not proportional to a real spinor. Then (u,4°) > 1, and with
A = (u,4°) the spinor ¢ given by
At — 0

is orthogonal to 4 with (0,0) = —1. So if ¢ is given by
Y="10+10 (3.3.6)

then % is null and hence pure. This argument can be used to show that the isotropy
group of w is SU(4), as was noted by Lawson and Michelsohn [LM89].

Theorem 3.3.7 Let u be a semi-spinor in eight dimensions such that u is not propor-
tional to a real spinor. Then Gy, ~ SU(4).

Proof. If u is pure then the result follows from Theorem 3.1.10. If w is impure then
we can construct a pure spinor ¢ from u as in (3.3.6). Clearly G, = G and Gy = Gyge
since the isotropy group is a real subgroup, hence G, C Gy.

Consider s € G;. Expressing ¢ in terms of @ and 4, the equation s = 1) can be
written as

(¢ﬁiT+Aym—gf::(Jﬁfi+ga—a9 (3.3.8)
Taking the charge conjugate of (3.3.8) we have

si— (VX =142) st = a— (VA2 —14 ) (3.3.9)
since s and A are real, and A > 1. As VA2 —1+ X > 1, we can solve the system of

equations (3.3.8) and (3.3.9) to show that si = 1, hence G, = Gy, ~ SU(4). "

If we now consider u to be a spinor field on an 8-dimensional Riemannian spin
manifold M, then 1 is a pure spinor field on M. Furthermore, if u is globally parallel
then Theorem 3.1.17 shows that H (M) C SU(4). The spinor 1 is also parallel, since the
covariant derivative is compatible with the spinor inner product and commutes with
charge conjugation. Thus the only parallel semi-spinors which do not immediately
imply a reduction of H(M) to SU(4) are those proportional to a real spinor, which
are necessarily impure. It is well-known that the principle of triality may be used to
determine the isotropy group of a real semi-spinor as follows. Let

E = VoReST oReS™. (3.3.10)

Then we have a faithful representation p : Spin(8) — Aut E induced from y and the
spinor representation by

p(s)(z+u+v) = x(s)zr+su+sv (3.3.11)
where x € V, u € ReS™ and v € ReS~. With the metric G defined by

G((I)l, (132) = g(:L‘l,CCQ) + (ul,u2) + (’Ul, 'U2) (3312)
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for ®; = x;+u;+v;, we have an orthogonal space (E, G). Given a mapping o € SO(FE, G)
which preserves each of the subspaces V, eST and ReS~, there exists s € Spin(8)
such that o = p(s).

Because of the isometry between V, ®eS™T and ReS™, it is possible to construct
an orthogonal transformation on (F,G) which permutes these three spaces, the triality
map T. The construction of T is given in [BT87]. The triality map is an isometric
isomorphism which sends

T:V —ReST — ReS™ — V.

Associated with T is the triality automorphism T of Spin(8). Given s € Spin(8) we have
Tp(s)T~1 € SO(E,G), and Tp(s)T~! preserves V, ReST and ReS~—. Thus Tp(s)T~! =
p(t) for some ¢ € Spin(8). Since p is faithful we can define 7 by

Tp(s) Tt = p(rs). (3.3.13)

We wish to find the subgroup of Spin(8) which leaves a spinor in ReS* fixed, and
then see how V transforms under this subgroup. Because of the triality map, this is
equivalent to finding the group which leaves a vector in V fixed, and seeing how real
semi-spinors transform under it. The subgroup of SO(8) that leaves a vector z in V
fixed is isomorphic to SO(7). Denoting the pre-image of this group under x by G,, we
have G, ~ Spin(7) C Spin(8). The spinor space of Spin(7) has real dimension 8, so
the real semi-spinor spaces $teS™ and ReS~ each carry an irreducible representation
of G;. Now if p(s)x = z then p(rs)Tx = Txz. Since G, leaves = fixed under the
vector representation, this shows that 7G, ~ Spin(7) leaves Tz € ReS™ fixed under
the spinor representation. Since G, acts irreducibly (under p) on ReS™ and ReS—, TG,
acts irreducibly on ReS™ and V. Thus the isotropy group of a real spinor is Spin(7).

It is worth pointing out that the orbit structure is substantially different if semi-
spinors are classified under the complex Spin group. We have shown that there are at
least three distinct orbit types for spinors in eight dimensions, consisting of either pure
spinors, impure spinors with isotropy group SU(4), or impure real spinors with isotropy
group Spin(7). Under Spin(8, C), Igusa has shown that there are only two orbit types:
the orbit of pure spinors, and a collection of impure spinor orbits. The isotropy group
of an impure spinor under Spin(8,C) is Spin(7,C), while a pure spinor has isotropy
group SL(4,C) - (C,)%. Here, the symbol - denotes the semi-direct product, and C, is
the additive group of complex numbers.

3.4 Spinors in ten dimensions

In ten dimensions (r = 5) we shall once again represent the spinor space by a minimal
left ideal of the Clifford algebra. Later, we will utilise the fact that S admits pure
subspaces. The 1-dimensional subspaces spanned by x'23%2y and zy are pure, rep-
resenting X and Y respectively. The 5-dimensional subspaces Aj(X)zy and A4(X)zy
have bases

{:1:12y, :E2ZY, SCSZy, x42y, x52y}



§3.4 Spinors in ten dimensions 36

and
{x2345zy, :1:1345,2y, x12452y, :1:1235zy, :L‘1234Zy}.

In each basis, the pairwise-intersection of the MTIS’s corresponding to each basis vector
intersect in three dimensions, so A1(X)zy and A4(X)zy are pure subspaces. From this
we can determine the pure index and nullity of an impure spinor in ten dimensions.

Theorem 3.4.1 Let ¢ be an impure semi-spinor in ten dimensions. Then N(¢) = 1
and P(y) = 2.

Proof. Since I' acts transitively on the space of pure spinors, there exists s € I' which
maps some pure component of ¥ to zy, hence st = (1 4+ w)zy for some w € AT (X)
with “G(w) = 0. If F5(w) = 0 then w € Ay(X), so wzy is pure. In that case, clearly
P(¢) = 2. Suppose that .5(w) # 0. The Lie algebra of Spin(2r,C) is the space of
two forms Ag(VC) with the Clifford commutator as Lie bracket. Since Spin(2r,C) is
connected, exponentiation maps this Lie algebra onto Spin(2r, C), thus exp (—.75(w)) €
Spin(2r, C)NAT(X). Since X is isotropic, its Clifford algebra is identical to its exterior
algebra. Using the definition of the exponential we have

exp (—HH(w)) = 1- FHA(w)+ %%(w)Q, (3.4.2)
noting that forms of degree higher than five must vanish. Then it is clear that
exp (— S (w)) sy = (1+w)zy wherew € Ay(X). (3.4.3)
Thus 1 can be written as
b = s exp (W) 2y + 5 exp (F3w)) oz (3.4.4)

Each of the components in (3.4.4) is pure, hence P()) = 2.
The two spinors in (3.4.4) have the same parity, so the corresponding MTIS’s must

intersect in 1, 3 or 5 dimensions. They cannot intersect in 3 or 5 dimensions, since then
¥ would be pure. So by Lemma 3.2.18, N(¢) = 1. n

Knowing the pure index and nullity of an impure spinor in ten dimensions allows us
to relate it to a spinor in eight dimensions. Previously, we have used the fact that the
(complex) Clifford group acts transitively on the space of pure spinors. In the following
we show how the isotropy group of a spinor in ten dimensions is related to that of a
spinor in eight dimensions. Since the isotropy group is a subgroup of the real Spin
group, we must first show that in some instances two spinors are in the same orbit
under Spin(2r) rather than Spin(2r, C). Only in the former case can we guarantee that
their isotropy groups are isomorphic.

Lemma 3.4.5 Let (V,g) be a real 2r-dimensional orthogonal space with r > 1, and
let Y be a maximal totally isotropic subspace of VC. Given a null vector v there exists
s € Spin(2r) such that x(s)v € Y.
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Proof. Consider a null vector v € VC. Since ¢ is positive-definite, we can put X =Y
and write V¢ = X @Y. Then v may be written as

v = x4y forze X, yeVY (3.4.6)

where = and y satisfy the inequalities g(z,Z) > 0 and ¢(y,y) > 0, with equality only
when z = 0 or y = 0. Since v is null we have g(x,y) = 0.
Now for any non-zero null vector u € V¢, the vector o, given by

0 = o (u+a) (3.4.7)

29(u, )
is a real unit vector. Its image under y is a reflection in the plane orthogonal to u + @
followed by 7, hence o, € Pin(2r) with 0.~ ! = 04. The action of o, on an arbitrary
vector w € VC is given by

X(ow)w = Tuwoy
= (2g(w7‘7u) - UJO’u) Ou
29(w, 04)0y —w (3.4.8)

since 0,2 = 1. Furthermore, o, sends u to @ since

2g(u,u + u) _
X(ow)u 29(0.7) (u+a) —u
= a. (3.4.9)
Suppose that y # 0. Then
X(oy)v = oo,
= —x+4y (3.4.10)

and clearly x(oy)v € X. By (3.4.9), we can map w = x(oy)v into Y by acting on it
with o,,. That is,

X(Uway)v = X(Uw)X(Uy)U
= Xx(ow)w
= —Z+y. (3.4.11)

Thus s = 0,0y is in Spin(2r) and x(s)v € Y.

Now suppose that y = 0. Since r > 1 there is at least one vector xg € X which is
independent from x. From xg we can construct zj such that g(x,z1) = g(x,Z1) = 0 by
taking

T = x0— 9(, o) T. (3.4.12)

9(z, )
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Then
X(0g )z = —=x (3.4.13)
and so
X(Uzo'm)x = X(UI)X(UJJ)'%'
= —x(oz)x
= —I. (3.4.14)
Thus s = 0,04, is in Spin(2r) and x(s)v € Y. "

Note that in all even dimensions (not just r > 1) we can map v into Y using an
element of Pin(2r), either the identity if v € Y (in which case x = 0) or o, if x # 0,
since then

X(oz)v = T—y. (3.4.15)
Let ¥ be an impure even spinor in ten dimensions. By Theorem 3.4.1, we can write
Y o= up+ ug (3.4.16)

where u; and ug are pure. Now N (¢)) = 1, so Lemma 3.2.18 shows that the intersection
of the MTIS’s represented by u; and us is 1-dimensional. In fact, the vector .~ (u1 ®1iz)
is in the intersection of T3, N Ty, and thus spans Tj. For this dimension, the inner
product is symmetric, and it follows from (2.3.23) that

A @) = Alue®@u) . (3.4.17)
Then
AWRY) = Aluw @)+ H(ug @) + 2.7 (u1 @ ). (3.4.18)
Now u; and ug are pure, so -7, (u; ® 4;) = 0 for p # 5. Thus the vector v given by
v=A[W 1Y) (3.4.19)

also spans Ty.

By Lemma 3.4.5, there exists s € Spin(10) such that x(s)v € Y, thus acting on v
with s produces a spinor which is annihilated by x(s)v € Y. Putting ¢ = st, we have
Ty = x(s)Ty C Y. Furthermore, since s € Spin(10) it follows that G4 ~ G, (note that
it is important that s be in the real Spin group: this would not necessarily be the case
if s were in Spin(10,C)). Putting X =Y, we can choose a Witt basis {z%,y'} for VC
such that

y> = x(s)v
= sAAWeP)s
= Alsv @ s)

=
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= AG©d) (3.4.20)

and
© = g Vie{l,...,5}. (3.4.21)
Now y°¢ = 0, and it follows that ¢ can be written in the form
¢ = wzy, weAt(X) (3.4.22)

where X = spe{z', 2% 2% 2%} (compare this with Lemma 3.2.11). Now AT(X)zy
carries a spinor representation of the complexification of a real Clifford subalgebra. We
can construct an orthonormal basis {e®} for V' by putting

et = gl 4y

e = i(xd —y) VYjie{l,...,5}. (3.4.23)
Then we have an orthogonal decomposition of V' given by
V = Vow (3.4.24)

where

A~

V = sp{e?}, a€ed{l,...,8}
W = sp{e?, €'}, (3.4.25)

Putting ¥ = speiyt, v2,v3, y*} we have
Ve = Xav. (3.4.26)

If § is the restriction of g to VC, it is clear that A*(X’ )zy carries a spinor representation
for C(VC, g) ~ Cg(C), that is, the complexified Clifford algebra generated by an 8-
dimensional orthogonal space. With this in mind, it is reasonable to ask how the
isotropy group of a spinor in ten dimensions is related to the isotropy group of a spinor
in eight dimensions.

Since V is a subspace of V, it will be convenient to refer to the real Spin group of
C(VE, ) as Spin(V, §), noting that Spin(V, ) ~ Spin(8) and Spin(V, §) C Spin(10).
Let

Gy = {sesSpin(V,9):s0 =0} . (3.4.27)

As shown in §3.3, @¢ is isomorphic to either SU(4) or Spin(7), and clearly CA¥¢ C Gy.
Our aim is to show that @¢ = Gy.

Consider s € G4. It is true that s is even with s¢s = 1, so in order to show that
s € G’¢ we only need demonstrate that s € C(V, g) and sVs1 = V. Since s fixes ¢ we
have
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= Yi(s¢ ® 59)
= 0. (3.4.28)

From the reality of s it follows that sz%s™! = 2. Now € = 2°+4° and e'® = i(2° —¢°),

thus x(s) fixes each element of W. We have
1

(eM)fls = 5 (e%s — se®)

= 0 fora=9ora=10 (3.4.29)

which implies that s is generated by 1% only. That is, s € C(V, g).
~ Since x(s) € SO(V,g) and V is orthogonal to W, we can easily show that sVs~! =
V. Consider v € V. Since V =V @& W we can write

x(s)v = wvy4+w forsomewvygeV, weW. (3.4.30)

Now x(s) fixes w, thus

g(x(s)v, x(s)w) = g(vo +w,w)
= g(w,w). (3.4.31)

But v and w are orthogonal, so g(w,w) = 0 and so w = 0. We can conclude that
Gy = éd» and since Gy, ~ G4, the isotropy group of an impure spinor in ten dimen-
sions is either SU(4) or Spin(7). Again, this is different if spinors are classified under
Spin(10, C), where it has been shown that there are only two distinct orbit types.

3.5 Spinors in twelve and higher dimensions

In the case when V is 12-dimensional (r = 6), it has proven difficult to extend our
classification of spinors without appealing to Igusa’s classification. This can be at-
tributed to the scarcity of pure spinors in higher dimensions, since the semi-spinor
spaces in twelve dimensions have dimension 32, while the pure subspaces have dimen-
sion at most 6. However, it is possible to put bounds on the pure index and nullity of
an impure spinors by using a dimensional reduction argument similar to that used in
§3.4. Let X = spe{zt, ..., 2%} and Y = spe{y',...,¥°}. Then in a similar manner to
(3.4.25), we have a real 10-dimensional subspace V of V such that V€ = X @Y. The
spaces A(X) and A*(X) can be decomposed as

AX) = AX) @ (25 AAX))
ARX) = AX)*o (25 AAT(X)) (3.5.1)

and the subspaces AT (X )zy of S each carry a semi-spinor representation of C(VC, 9),
which is isomorphic to Ci1o(C). It is convenient to write ST = A*(X)zy and so
S* = 5% @ 288F. Thus an even spinor ¢ may be written as

¢ = wizy +3%wazy (3.5.2)
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where w; € AT(X) and wy € A~(X). Now w2y and wypzy are in ST and S~ respec-
tively, so by Theorem (3.4.1) they can each be written as a sum of at most two pure
spinors in ten dimensions. Note that by a “pure spinor in ten dimensions” we mean a
spinor which is annihilated by a 5-dimensional totally isotropic subspace of VC. Since
each spinor in S+ is annihilated by 4°, and each spinor in 255~ is annihilated by 5,
it is clear that wizy and z%wszy can each be written as a sum of at most two pure
spinors in twelve dimensions. Thus P(¢) < 4.

If ¢ is impure then by Lemma 3.2.11 we have N () =0, 1 or 2. We will see later
that there exist spinors of nullity 0 and 2. Suppose that N (1)) = 1. There exists s € T’
such that sTws’*1 C Y, and we may choose a Witt basis such that y® spans ST¢3*1.
Then s has the form

s = wzy, weAT(X). (3.5.3)

Since wzy is an impure spinor in ten dimensions, it is annihilated by a 1-dimensional
subspace of VC, as well as by ¢%. This is a contradiction, hence N () =0 or 2.

We have established that there may be spinors with pure index at most four. How-
ever, given an impure spinor written as a sum of 3 or 4 pure spinors, it is difficult to
say whether or not it could be written as a sum of only 2 or 3 pure spinors. In the
following we state a necessary condition that an impure spinor must satisfy in order to
have pure index 2, and consequently we are able to give an example of a spinor with
pure index 3.

Proposition 3.5.4 Let v be an impure semi-spinor in twelve dimensions with P(¢) =
2. Then () @ 1)) is either decomposable or of mazimal rank.

Proof. Let ¢ = u3 + ug where uy and ug are pure. From (2.3.23) we have
S ed) = 2% e ). (3.5.5)

Since ¢ is impure, N(¢)) = 0 or 2. If N(¢)) = 2, then “5(u1 ® G2) = 27, 1, by
Lemma 2.3.35, and so it is decomposable.

Suppose that N (1) = 0. Now there exists s € I" such that su; = zy, and since the
MTIS represented by sus is complementary to Y, we may choose X = T,,. So we may
assume without loss of generality that that u; represents Y and uo represents X. We
can construct an orthonormal (but not real) basis {e*} for V® by taking

62j—1 — ﬂfj‘f'y]
o2 — i(a:j _ yj) Vije{l,... 6} (3.5.6)

In this basis, the 2-form part of u; ® %o can be written as

~ _ 1 _
F(up @ug) = —@Tr(ul ® ugeab)eab
1
= —m(ug, eapti1 )€™ . (3.5.7)

(The factor of 128 is twice the trace of the identity, noting that for » = 6 the Clifford
algebra is isomorphic to Mgs(C).) Since the basis is orthonormal, e, = e® for each a,
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so we can expand (3.5.7) to

r

—128.%(u1 ® ug) = Z (ug, (¥ A e*)uy)e? A e
Jk=1

”
i Z (g, (€71 A e L)y )2 =L p o2k
k=1

T
+2 Z (ug, (¥ A e yup)e® A ekl (3.5.8)

k=1
where
e N = —pIF ik g gy gk
e20—1 p p2k—1 gk _|_yjk —i—:vjyk _ :vkyj
e APl = i(xjk—yjk—l—xjyk—i-mkyj—éjk)
= i(xjk—yjk+xjAyk+xk/\yj) . (3.5.9)

Since y/u; = 0 and x7ug = 0 for all j, the first two summations in (3.5.8) vanish, and
we have

T
—64%(1“ ®ﬁ2) = (UQ,U1> Z (5jk (a:jk — yjk +£Cj /\yk +$k /\yj)
Jk=1
= 2(ug,uq) (:1:1 Ayt A4+ ab A yG) . (3.5.10)

Now (ug,u1) # 0 since Ty, NTy, = {0}, so .“5(u; ®iz) is of maximal rank, in the sense
that the 12-form

F(ur @tu2) A ... N F(ug @ ) (3.5.11)
6

1S non-zero. ]

Now that we have some necessary conditions for spinor in twelve dimensions to have
pure index 2, we can construct a spinor which does not satisfy these conditions. Let

u; = leZy
Uy = 33342:)/
us = .’E56zy .

These spinors have been chosen so that they are each pure, with dim¢7,, N T,; =
2 for ¢ # j, and so that the sum 9 = u; + us + us is impure. On calculating the 2-form
part of 19 ® ¥ we find that

SpoP) = é(Zy, P (12 4 g 4y (3.5.12)
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w N(wzy) P(wzy)
(1) 1 6 1
(2) 1+ 22356 2 2
(3) 1 4 2356 | ;1346 0 3
(4) 14 2296 4 1316 4 \p1245 ) € C* 0 9

Table 3.1: Representatives of the orbits of ST under Spin(12, C).

Clearly .%5(1) @ 1)) is neither decomposable nor of maximal rank, hence 1 cannot be
written as a sum of two pure spinors. So P() must be 3.

Unfortunately, we have been unable to settle the question of whether or not there
are spinors with pure index 4. We must appeal to Igusa’s classification, which shows
that such spinors do not exist in this dimension. Table 3.1 gives the representatives
listed in [Igu70]. We have calculated the nullity and pure index of each representative.

By direct calculation, we can show that if ¢ = (1 + 22356 4 x1346) zy then

F(p @ 1/—)) _ _é(zy’ 1:12345621/) ($36 + y14 + y25) : (3.5.13)
so we can conclude that spinor (3) has pure index 3. For each non-zero \, a spinor of
type (4) represents a distinct orbit. Although this spinor is written as a sum of four pure
spinors, Igusa has shown that it is equivalent to a spinor of the form (1 + px!23456) 2y
where 1 € C*, so spinors of this type have pure index 2.

Table 3.2 lists the representatives of the orbits of ST in fourteen dimensions (r = 7),
based on Popov’s classification [Pop80]. Each spinor in the table represents a distinct
orbit, with the exception of the spinors of type (5). Two spinors of type (5) with
parameters A\; and Ay are equivalent if and only if (A1)® = (A\2)®. While it is a simple
matter to determine the null space of a spinor, and hence the nullity, we have been
unable to calculate the pure index of all the spinors in Table 3.2. Recall that in
fourteen dimensions, a spinor with pure index 2 must have nullity 1 or 3. From this we
can deduce that spinor (4) has pure index 3, spinors (5), (6) and (9) have pure index
either 3 or 4, and the pure index of spinor (7) is 3, 4 or 5. In the case of spinor (8), we
can refer to Table 3.1. Let 1 be spinor (8) and suppose that P(t¢)) = 2. Then

Y = (w1 +w2)zy (3.5.14)

where w2y and wozy are pure. But T}, is spanned by y”, so by Lemma 3.2.18 we must
have

y7wlzy = 0 and
ylwrzy = 0, (3.5.15)

which implies that w; and wy are in AT(X) where X = sp{z!,...,25}. Thus they
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w N(wzy) P(wzy)
(1) 1 7 1
(2) 1+ 24567 3 )
(3) 1 4 1123456 1 9
(4) 1 4 21237 4 ;123456 0 3
(5) A (14 21237 4 1967 4 4123156)  \ ¢ C* 0 i
(6) 1 4 1237 4 ;3457 | 123456 0 )
(7) 1 4 1237 _ ;3457 _ 12567 | 123456 0 )
(8) 1 4 22356 | ;1346 1 3
(9) 1 4 21237 4 42356 4 ;1346 0 )

Table 3.2: Representatives of the orbits of ST under Spin(14, C).

are also pure spinors in twelve dimensions. This contradicts the fact that spinor (3) in
Table 3.1 cannot be written as a sum of two pure spinors, hence P () = 3.

Since the pure index of a spinor in fourteen dimensions is at most 5, dimensional
reduction shows that a spinor in sixteen dimensions has pure index at most 10. Accord-
ing to [Pop80], sixteen is the highest number of dimensions in which it is reasonable to
attempt a classification of spinors of the type described by Igusa. This has been done
in [AES82]. Difficulties in principle arise in higher dimensions. Recently, a coarse classi-
fication of spinors using their nullity has been given by Trautman and Trautman for all
dimensions [TT94]. In their notation, ¥ is the space of semi-spinors of 2r-dimensional
space with nullity h. For each h, ¥ is either empty or consists of a collection of spinor
orbits. The key theorem of [TT94] is that

(1) dim¥. =1+ 1r(r—1),
(2) ©r=t ¥r=2 373 and X7 ~° are empty, and
(3) dimX! =h(2r — 1B+ 1))+ 2" for h=r—4or h<r—5.

In particular, they show that XU is open and dense in the space of semi-spinors, so in
sufficiently high dimensions, a generic semi-spinor has nullity 0.



Chapter 4

Spinor Equations for Shear-free
Congruences

In the previous chapter we examined the properties of spinors in a purely algebraic con-
text. In this chapter, we use the relationship between real null vector fields and spinors
to analyse certain equations for vector fields. We restrict our attention to spacetime
(M, g), where we take the Lorentzian signature to be (3,1). For this signature, the
complexification of the tangent space at each p € M admits 2-dimensional MTIS’s
with real index 1. That is to say, each MTIS has a 1-dimensional subspace spanned
by a real null vector. In four dimensions all semi-spinors are pure, and so the corre-
spondence between pure spinor directions and MTIS’s gives rise to a correspondence
between semi-spinors and real null directions. We can fix the scaling factor by using
the isomorphism between S ® S* and Cs 1(C) described in §2.3. Then any equation for
a null vector field has an equivalent spinorial form. This technique has been used with
great success in the study of null shear-free congruences. In a basis {e}, the condition
that the real null vector k£ determined by a semi-spinor u be tangent to a congruence
of null shear-free geodesics (NSFG) is

(u, Vx,u)e®u = 0. (4.1)

We will refer to spinors satisfying (4.1) as shear-free.
In our notation, the twistor equation is

1
Vxu— ZXbDu =0 VXeT'TM. (4.2)

By putting X = X, and multiplying on the left by €%, it can be seen that the numer-
ical factor is chosen precisely so that we cannot conclude that w is parallel. Spinors
satisfying (4.2) are called twistors. On spacetime, Penrose has defined the null vector
field corresponding to a twistor as being tangent to a ‘Robinson congruence’ [PR86a].
A Robinson congruence is shear-free, however not all shear-free congruences are Robin-
son congruences. Sommers [Som76] has shown that the shear-free condition (4.1) is
equivalent to a modification of the twistor equation, with terms involving a complex
1-form appearing on the right-hand side of (4.2). Sommers’ equation is usually pre-
sented using the 2-component Newman-Penrose formalism. In this chapter we show

45
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how Sommers’ equation may be written in ‘index-free’ notation. We interpret the ad-
ditional 1-form terms as arising from a GL(1, C)-gauged covariant derivative, for which
Sommers’ equation is the corresponding ‘gauged’ twistor equation.

As a preliminary to the study of null shear-free vector fields, we examine the spinor
equation for a null conformal Killing vector k. Such vectors form a special case of
NSFG’s, however there appears to be no simple condition similar to (4.1) for the cor-
responding spinor. Usually, the conformal Killing (CK) equation is expressed in terms
of the Lie derivative of g with respect to k. It may also be expressed as an equa-
tion for the 1-form k” using the covariant derivative, the exterior derivative and the
co-derivative. In this form it is easy to see the relationship between CK vectors and
NSFG vectors. Benn has shown that the shear-free equation can be interpreted as a
‘gauged’ version of the CK equation [Ben94|. From this form of the CK equation, we
are able to show that a conformal Killing vector corresponds to a spinor satisfying a
U(1)-gauged twistor equation. It is then a simple matter to obtain the spinorial form
of the shear-free equation by adding an extra term to the U(1)-covariant derivative.

A vector field k satisfying Benn’s shear-free equation is shear-free whether & is null
or non-null, on a manifold of arbitrary dimension and signature. On spacetime, a real
non-null vector corresponds (not uniquely) to a pair of semi-spinors, or equivalently, to
a Dirac spinor. In §4.8, we determine a spinor equation for a Dirac spinor ¥ which is
equivalent to the condition that the vector corresponding to v is shear-free. For special
choices of 1 and gauge terms, this reduces to the conformal Killing and shear-free
equations in both the null and non-null cases.

4.1 Spinors of Lorentzian space

As the Clifford algebra of a vector space with Lorentzian signature has certain special
properties not found in a general Clifford algebra, a brief review is worthwhile. The
real Clifford algebra Cs;(R) is isomorphic to the algebra of 4 x 4 real matrices. An
arbitrary basis {e®} for covectors is indexed by elements of the set {0, 1, 2, 3}, where
eV is timelike, that is, g(e”, e?) < 0. We take the set {e4} = {1, €%, e® (a < 1), €%z, 2}
to be the ‘standard’ basis for forms, and hence for C31(R). In an orthonormal basis
the volume 4-form is z = €% A el Ae? A e3.

The Clifford algebra C31(C) is simply the complexification of C31(R), so it iso-
morphic to the algebra of 4 x 4 complex matrices. Then the space S of Dirac spinors
has complex dimension four. Table 2.1 shows that the charge conjugate is involutory,
thus S decomposes into two spaces of Majorana spinors (with real dimension four),
each carrying an irreducible representation of the real subalgebra. As z? = —1, the
charge conjugate interchanges the semi-spinor spaces. With Z = iz, the semi-spinor
spaces are the 2-dimensional eigenspaces of Z with eigenvalues £1. They each carry
an irreducible representation of C;;l((C), which induce irreducible representations of
Spin(4,C) ~ SL(2,C) x SL(2,C). The inner product on S is antisymmetric, and may
be scaled so that

(b, 0) = (¥5¢°) Vi, 9€85. (4.1.1)

The inner product is block-diagonal on ST @& S~, so the inner product of two semi-



84.1 Spinors of Lorentzian space 47

spinors of opposite parity is zero. However, the restriction of (, ) to ST or S~ remains
non-degenerate. Since each semi-spinor space is 2-dimensional, it follows from the
antisymmetry of ( , ) that

(u,v)w + (v,w)u + (w,u)v = 0 (4.1.2)

for u, v and w lying in the same semi-spinor space.
Using (2.3.27), an element of S ® S* can be expanded in the standard basis for
C3,1(C). So that (2.3.25) is satisfied, we choose {e4} so that

11 1 1 1
{ea} = {4, 160 —7¢w (@ <b), Zeaz, —42} : (4.1.3)

Then for any spinors ¢, ¢ € S,

VEG = L0)+ (6reat)e’ — L6 car)e™ + 1(6,cazt)es — 1(6,20)z.

Note that the 2-form component picks up an extra factor of 1/2 due to double-counting.
From the properties of the inner product, certain components of a symmetric or an-
tisymmetric combination of two semi-spinors will vanish. Suppose that u and v are
semi-spinors with the same parity. From (2.3.20) we can see that ©® v is an even form.
We use the convention that a (1, 1) tensor is symmetric if the (0,2) tensor related by
to it by metric duality is symmetric. Then

Sym(u®v) =

‘“\WL\D\»—ll\DM—\L\DM—A

|
—poN

v, eabu)e“b u, vE ST or S, (4.1.4)
This 2-form is an eigenvector of the Hodge dual, since

x(u@v+ov®u) = (u®v+veu)z by (2.2.7)
= i(u®iv+v @ Zu)
= +tiu®vtveu) u, veSE. (4.1.5)

We will refer to eigenvectors of the Hodge dual with eigenvalue +i or —i as self-dual
or anti self-dual, respectively. Similarly,

Alt(u®v) = %(u@@—v@ﬂ)
= Suev)+ “(ue )
1

— Z(U,u) + Z(U, ZU)Z
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1 1
= E(U,u) + Zi*(v,u) u, v e St (4.1.6)

If w and v have opposite parity then u ® v is an odd form, and we have

Alt(u®v) = HA(u®0D)
1
= Z(U,eau)e“ ue SE, ve st (4.1.7)
Sym(uer) = FAwo)
1

= —4(1}, eqiu)ez

= Fix.Au®D) ueSst veST. (4.1.8)

Using equation (4.1.7), we can associate a real null vector with a semi-spinor u. In
four dimensions, u and u® are pure spinors with opposite parity. By Lemma 2.3.35, the
intersection of T;, and T is 1-dimensional. Suppose that x spans T;,,NTyc. Then zu =0
and zu® = 0, but also zu® = 0 and Tu = 0. Therefore = € T, N Ty, and we must have
T = ez for some A € R. Then the covector k> = €2z is real, null and spans T, NTye.
Thus any semi-spinor uniquely determines a real null direction. Conversely, a real null
vector uniquely determines a semi-spinor direction. Suppose that &’ is contained in a
MTIS X. Then there exists a semi-spinor « which represents X, hence k’u = 0. Given
another semi-spinor v independent from u, we have a basis {u, v} for semi-spinors of a
given parity. In four dimensions, Lemma 2.3.35 shows that the intersection of T, and
T, can only be {0} for independent semi-spinors. Now suppose that k*(\u+ pv) = 0 for
some A\, € C. Then pk’v = 0, but k” cannot annihilate v, hence x = 0. So u is unique
up to complex scalings. From Lemma 2.3.35 it is clear that T, N T, is 1-dimensional,
so in fact k” spans Tj, N Tye. By (4.1.1) and the properties of the inner product, we
have (u¢, equ) = —(u®, equ). So for a given u, we can fix k by taking

E = 4.4 (iu® )
(1us, equ)e® . (4.1.9)

For a given k there is still a U(1)-scaling freedom in the choice of u, since the transfor-
mation u — e*u, A € R leaves k fixed.

4.2 Vector fields associated with spinors

On a spacetime (M, g), the relations given in §4.1 show the correspondence between
spinor fields and differential forms on M. In particular, (4.1.9) shows the relationship
between a semi-spinor and a real null vector field. In a similar fashion, we can obtain
a real timelike vector field from a Dirac spinor field ¥ by taking the 1-form part of
¥ ® z21p°. Let

r = 4A{W @ 2¢°)
(29, eqpp)e” . (4.2.1)
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Then x is real since

xr = (Z¢> eawc)ea
= _(eaﬂ)c, 27/’)6&
= (2% eqp)e”. (4.2.2)

Any Dirac spinor can be written as the sum of an odd semi-spinor and an even semi-
spinor. Suppose that 1) = u +v° where u, v € ST (M), with corresponding null vectors

K = (iuf, equ)e® and 1" = —(iv®, equ)e®.

Then
r = (_12¢Ca eaq/))ea

= (1u® — v, equ + ev°)e

= k-1, (4.2.3)

a

Then g(z,z) = —2g(k*,1°). We can find g(z,z) in terms of u and v using the Fierz
rearrangement formula (2.3.31). Then

g(z,z) = 2(u equ)(v,e*v)
= 2(u, eM) (v, e%eqequ) by (2.3.31). (4.2.4)

Since u and v have the same parity, the only contributions to the sum over A come
from even basis elements. Furthermore, by (2.2.6) we have e®¢jp.e, = 0. Thus

g(z,x) = %(uc,vc)(v, eequ) — %(uc, 20°) (v, e®zequ)
= 2(u®,v)(v,u) + 2(u’, 2v°) (v, zu)
— —4|(u’1))|2 . (425)

Hence x is timelike if and only if w and v are linearly independent. In particular, x
is null if 1 is a semi-spinor, or if it is Majorana. Similarly, it can be shown that the
vector field (i), e%1)) X, is real and spacelike.

4.3 The conformal Killing equation
A vector field K is conformal Killing if

TKg = 2\g AeF(M). (4.3.1)

Geometrically, this means that the operation of Lie transporting vectors along the flows
of a Killing field is a conformal isometry. Equation (4.3.1) can also be written in terms
of the covariant derivative. For an arbitrary vector field, the covariant derivative VK’
of K is a (2,0) tensor given by

VK’ (X,Y) = ¢g(VxK,Y) VX, YcITM. (4.3.2)
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The covariant derivative can be decomposed into symmetric and antisymmetric com-
ponents, and the symmetric component can be decomposed further into a trace-free
component and the trace. For arbitrary K, the Lie derivative of ¢ is related to V by

Tieg(X,Y) = g(VxK,Y)+g(VyK, X), (4.3.3)

from which it is clear that 2 Sym(VK”) = “fg. Then in four dimensions, the covariant
derivative can be written as

1 1 1 _ 1
VxK’® = 5XJ dK’ — Zd*Kb X"+ 5 (.E/j(g — 4Tr(:/;(g)g) (X),

where the trace of a (2,0) tensor T is T(X,, X%). Note that for a symmetric (2,0)
tensor, the 1-form field 7(X) is defined unambiguously. Then (4.3.1) is equivalent to

1 1
VxK’® = §XJ dK’ — Zcz*Kb X" VXeTTM. (4.3.4)

Putting X = X, and wedging e® onto both sides of (4.3.4) shows that the numerical
coefficients are such that we cannot conclude that dK” = 0. Similarly, by taking the
interior derivative with respect to X®, we cannot conclude that d*K” = 0. Contracting
(4.3.3) on X® and X, it is clear that when K satisfies (4.3.1) we have \ = —id*Kb.
When A =0, K is called a Killing vector.

Now we will derive the spinorial version of the conformal Killing equation. If z is
the null or timelike covector field corresponding to a Dirac spinor ¢ as in (4.2.1), we
have

Vx,o = Xa(20° eppp)e’ + (29, epth) Vx, €
= (2Vx, 0% eph)e’ + (9%, Vx, e p)e”
+ (20°, ey Vx, ¥)e” + (V°, epz1p)Vx, €0 . (4.3.5)
For a metric-compatible connection we have
X, IVx,e® + X IVxe. = 0 (4.3.6)

so the terms in (4.3.5) involving derivatives of the basis covectors cancel, hence

Vx,a = (Vx4 e)e’ + (20, e Vx, p)e”
= 2Re(29°, e, Vx,1)e’ . (4.3.7)

The remaining terms of (4.3.4) are given by

I X, = —2Re(2¢°,Dip)e,
= —2Re(2¢°, gapD))e? (4.3.8)
X,lde = Vyx,o—Vx,z(X,)e
= 2Re(z9°, ebvxaw)eb — 2Re(2z0°, eavxbw)eb
= 2Re(20°% ey Vx, 1 — eaVix,0)el . (4.3.9)
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Thus z? is a null or timelike conformal Killing vector if and only if v satisfies

1
Re(z¢°, e Vx, 0 + e Vx, 0 — igable) = 0. (4.3.10)

Since the conformal factor is related to ¥ by A = %?Re(m/}c, Dy), zf is a Killing vector
if it satisfies Re(z1)° D) = 0 in addition to (4.3.10). We will refer to (4.3.10) as the
spinorial conformal Killing equation. We can re-write (4.3.10) in a compact form using
the twistor operator Lx, given by

Lxy = Vxi— %Xsz/; Y € TS(M). (4.3.11)
Now
XLy + Y Lxy = X°Vytp — ixbybw +Y'Vxtp — inXsz/;
= X"Vyoy +Y°Vxop — %g(X, YDy (4.3.12)
so (4.3.10) is equivalent to

Re(z°, X’ Lyp +Y°Lxy) = 0 VX, Y el TM. (4.3.13)

4.4 Null conformal Killing vectors

The simplest case of (4.3.13) is for a null vector field. Consider a semi-spinor u, with &’
defined as in (4.1.9). Since the null space of u is 2-dimensional, there exists a complex
vector m independent from k such that m’u = 0. We can scale m so that g(m,m) = 1.
We can also find a real null vector [ such that g(k,l) = 1, with all other pairs zero, so
that {k,l,m,m} is a a null basis. The Clifford relations then imply that

]{Zblb—}—lbkb —
mPm’ 4+ mm’ = 2 (4.4.1)
while all other pairs anti-commute. We can obtain a basis {u, v} for semi-spinors by

setting v = %mblbu. Clearly, the null space of v is spanned by {lb, fnb}. Multiplying v
on the left by k’m’, it follows that u = 1k’m’v. Now

1
(iu, equ)e® = i(iuc, eam’lPu)e’
1
= i(iuc, (21 — M eq)’u)e’
= (@S, Pu)m’ since M uc =0

m’  since g(k,1) =1. (4.4.2)
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We can find the remaining basis vectors in a similar fashion, giving

K= (iu, equ)e® m’ = (v, equ)e®

4.4.
P = —(in eqv)e® 7> (4.4.3)

m’ = (iu eqv)e.

Our goal now is to find an equation for a semi-spinor corresponding to a null CK vector
which has a form similar to that of the twistor equation. It is simplest to work with
the components of the twistor operator. Since the twistor operator is linear in X and
preserves the parity of u, there exist complex 1-forms o and g such that

Lxu=a(X)u+p(X)v. (4.4.4)

Since e?Lx, = 0, these 1-forms satisfy the relation au + v = 0. We can expand a
1-form in the null basis as

a = ok +alk)l + alm)m’ + a(m)m’. (4.4.5)

Then from au + v = 0 and the relationship between v and v, the components of «
and (8 are related by

ak)+p6(m) = 0 and o(m)—p(1) = 0. (4.4.6)
Since Zu = tu, we have zu = Fiu and (4.3.13) is equivalent to
Re(iu®, X’Lyu+Y°Lxu) = 0 VX,Y ecTTM. (4.4.7)
Substituting the components of Lyu into (4.4.7), we have
Re(iu®, o(X)Y u + a(Y) X u + B(X)YPv 4+ B(Y)Xv) = 0 (4.4.8)

for all real vector fields X and Y. Clearly, (4.4.8) is not linear over complex vectors,
however we can write it as a real tensor equation. First we define a complex symmetric
(2,0) tensor W by

W(X,Y) = (i a(X)Yu+ oY) X u+ B(X)Y 0+ 3(Y)X%). (4.4.9)
Then it is clear that (4.4.8) is equivalent to
Re[W(X,Y)] = 0 (4.4.10)
for all real vector fields X and Y. If W acts on complex vector fields we have
W(X,Y) = W(X,Y). (4.4.11)
However, since X and Y are real (4.4.10) is equivalent to

Re[W](X,Y) = 0. (4.4.12)
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Now for an arbitrary (real or complex) vector field X we have
(iu, X’u) = K’ (X) and (v, X’v) = m’(X) (4.4.13)
so from (4.4.9) we see that
W = 2Sym (a@k‘b +ﬁ®mb) . (4.4.14)
Then the real symmetric tensor 7' = 2 Re[W] is given by
T = 2Sym((a+@) @k +Fom +Bom).

It is clear that (4.4.8) is equivalent to 7' = 0. Since T is symmetric, it has ten indepen-
dent components. Evaluating T'(k, k), T(k,l),..., T(m,m), we find that the equation
T = 0 is equivalent to the following six equations for the components of L xu:

Re[a(k)] = 0 (4.4.15)

Bk) = 0 (4.4.16)

Rela(l)] = 0 (4.4.17)
a(m)+a(m)+p(1) = 0 (4.4.18)
B(m) = 0 (4.4.19)

Re[f(m)] = 0 (4.4.20)

Using these equations together with (4.4.6), we can show that u satisfies the twistor
equation of a U(1)-gauged covariant derivative.

Theorem 4.4.21 Let u be a semi-spinor on a spacetime (M, g). If k = (iu, e®u) X,
1s conformal Killing then there exists a real 1-form A such that

Vxu— %be)u = 0 VYXel'TM (4.4.22)

where
Vxu = Vxu+iA(X)u (4.4.23)
Du = Du+iAu. (4.4.24)

Conversely, if u satisfies (4.4.22) for some real A, then k is conformal Killing.

Proof. The gauged Dirac operator in (4.4.22) is simply the Dirac operator of @, that
is, D = e*Vx,. Exposing A, it is clear that (4.4.22) is equivalent to

1
Lxu = —iAX)u+ Zz‘XbAu VX eclTM. (4.4.25)
Using the Clifford relations, we can rearrange this as

Lxu = —iAX)u+ %i(zA(X) — AX?)u
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= —5iAX)u - “AX u. (4.4.26)

Equation (4.4.25) is clearly linear in X, so if it holds for real vectors then it also holds
for complex vectors. We will show that there exists a real 1-form A such that (4.4.25)
is satisfied for all complex vectors. If k is a conformal Killing vector then w satisfies
(4.4.7), and hence the components of Lxu satisfy the equations (4.4.15)—(4.4.20). Now
we simply evaluate (4.4.26) on each basis vector to solve for the components of A. For
X =k we have

alk)u = —%iA(kz)u ,

since B(k) = 0 and k”u = 0. Therefore

A(k) = 2ia(k). (4.4.27)
Since Re[a(k)] = 0 we know that «(k) is pure imaginary, so this equation is consistent
with A being real. Similarly, if X = m then we find that

1.
a(m)u = —izA(m)u

and so

A(m) = 2ia(m). (4.4.28)

The calculations for the remaining vectors are only slightly more complicated. When
X =1 we first expand A using the null basis. Then

o(Du+plv = —%M(l)u - iz (ADK + A(R)P + A(m)ym? + A(m)i’ ) Pu

_ —iA(l)u—%iA(m)v
hence
Al = ia() (4.4.29)
A(m) = 2i8(1). (4.4.30)

Once again, «(l) is pure imaginary, so this is consistent with the reality of 4. By
(4.4.6), equation (4.4.30) is consistent with (4.4.28). Finally, when X = m we have

alm)u+ B(m)py = —%z’A(m)u - %z (AR + AR + Am)m + Alm)m?) i

_ _iA(m)u+ %z’A(k)v
hence

Ak) = —2i8(m) (4.4.31)
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A(m) = ia(m). (4.4.32)

Equation (4.4.31) is consistent with (4.4.27) by (4.4.6). Since we require A to be real
we must have A(m) = A(m). Taking the conjugate of (4.4.18), from (4.4.32) we have

Am) = —i(a(m)+B0))
= —2ia(m) by (4.4.6)
= A(m). (4.4.33)
So if k is conformal Killing then u satisfies (4.4.25) where A is real. We can easily
express the components of A in terms of the twistor operator by contracting on v:

(u,v)Ak) = 2i(Lgu,v) (u,v)A) = i(Lu,v)

(w,0)A(m) = 2i(Lmw,v)  (w,0)A(m) = i(Lmu,o) (4.4.34)
Now suppose that u satisfies (4.4.25). We observe that for a p-form w,
(iu¢,wu) = (—iu,wu’)

= (iou,u)

= (i, @%u)  we€TA, M) (4.4.35)
hence
. o if w real with p =2, 3 or

Re(iut,wu) =0 { if w pure imag. with p =10, 1 or 4. (4.4.36)

For real vector fields X and Y,
1
XLyu+Y°Lyu = —iA(Y)X u+ ZiXbe.Au
, b, o Lovb b
— i AX)Y u + ZZY X’ Au

= —iAY)X u —iA(X)Y u + %ig(X, Y)Au. (4.4.37)

In each of the three terms above, the 1-form preceding u is pure imaginary, therefore
by (4.4.36), equation (4.4.7) is satisfied for all real vector fields X and Y. It follows
that k is conformal Killing. [

Equation (4.4.22) is the twistor equation for the covariant derivative V. Itis a
U(1)-gauged covariant derivative in the sense that, for a real function A,

Vx(e?u) = e (Vxu+id\(X)u)
= o (Vxu—i(A—d\)(X)u). (4.4.38)

Then

Vx (™) +i(A—d\)(X)ePu = e*Vxu (4.4.39)



§4.5 Shear-free vector fields 56

and so using the transformations

u — ey
A — A—d\, NeFM) (4.4.40)
we have
Vxu +— e*Vxu. (4.4.41)

Of course, we could have anticipated that the spinorial conformal Killing equation for a
null vector would have this covariance, since k only determines u up to a U(1)-scaling.

4.5 Shear-free vector fields

In this section we show that the condition that a vector field be shear-free may be inter-
preted as a generalisation of the conformal Killing equation (4.3.1). We then show that
a semi-spinor corresponding to a null shear-vector field satisfies a generalisation of the
twistor equation. In a similar way to the conformal Killing equation, we may interpret
this generalised twistor equation as a ‘gauged’ twistor equation, with a GL(1,C) gauge
term. The pure imaginary part of this gauge term arises from the U(1)-scaling covari-
ance mentioned in the previous section, while the real part of the gauge term comes
from the fact that any vector proportional to a shear-free vector is also shear-free.

On an n-dimensional pseudo-Riemannian manifold (M, g), it is usual to define
the shear of a vector field K in one of two ways, depending on whether K is null or
non-null. In addition, the shear of a null vector is only defined if K is tangent to a
geodesic congruence, that is, if VxkK = fK for some f € F(M). We will refer to
such vector fields as ‘geodesic’, since their integral curves may be reparametrised so
as to be geodesic. An alternative characterisation of the shear-free property is given
by the observation that a shear-free vector field induces a conformal isometry on its
orthogonal space. Thus we say that K is shear-free if

Tkg(X,)Y) = 2)g(X,Y) VX, YeKt (4.5.1)
for some A € F(M), where
Kt = {(XeDlTM: g(K,X)=0}. (4.5.2)

This definition may be used regardless of whether K is null or non-null, however note
that if K is null then K is in K*. In that case, (4.3.3) shows that g(VxK,Y) = 0 for
all Y € K. But the only vector fields orthogonal to all of K1 are those proportional
to K itself, hence K is geodesic. In any case, we may choose a vector field W such that
g(K,W) = 1. Then the space of vector fields may be decomposed as sp{W} @ K+. If
K is non-null then we may take W to be proportional to K.

If K satisfies (4.5.1), then there exists a real 1-form A such that

Fg—22g = -2 (Kb ®A+A®Kb) : (4.5.3)
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To see this, let T = “%g — 2Ag. Then we define A by

AX) = —%T(VKX) VXeKkt (4.5.4)
AW) = —%T(W,W). (4.5.5)

Since (4.5.3) is an equation for symmetric tensors, we need only show that it holds for
all pairs (X, X). By the decomposition, X may be written as X’ + fW where X’ € K+
and f € F(M). Then

T(X,X) = T(X',X')+2fT(X'\W) + f*T(W,W)
= 2fT(X', W)+ f°T(W,W) by (4.5.1) (4.5.6)

while
(K@ A+A0K") (X,X) = 29(K,X)A(X)
= 2fg(K, W) (A(X') + fA(W))
— Fg(K.W) (TOV.X) 4 S FT (VW) )
_ —%T(X, X). (4.5.7)
Then we can write (4.5.3) in terms of the symmetrised covariant derivative as
Sym(VK") — g = —(K’©A+A0K’) . (4.5.8)
Taking the trace shows that n\ = —d*K” + 2A(K), hence
Sym(VA) + Ld'K7g = —(K'®A+ A0 K+ %A(K) 9. (45.9)

Equation (4.5.9) can be written in a compact form using a gauged covariant deriva-
tive V, similar to that introduced in Theorem 4.4.21 for spinor fields. If we say that a
p-form w has gauge term 2A then this means that the action of V on w is given by

Vxw = Vxw+24(X)w VX elTM (4.5.10)

where A is a 1-form (the factor of 2 will be convenient later). This naturally induces a
gauged exterior derivative d and co-derivative d¥

do = e*AVx,w
= dw+2ANw (4.5.11)
dw = —X°IVx,w

= dw-24A"lw. (4.5.12)
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Unlike their ungauged counterparts, these operators are not nilpotent, as

Pw = 2dANw (4.5.13)
d?w = X)X, ldAX"]1X* Jw. (4.5.14)

It should be emphasised that, in general, the ‘gauge term’ 24 is determined by the
object being differentiated, as it will often be convenient to associate different gauge
terms with different tensors or spinors. We can develop a useful ‘calculus’ of gauged
tensors and spinors by requiring that V be compatible with the tensor and Clifford
products, so that the gauge term of any such product is simply the sum of the gauge
terms of its constituents. For example, if a spinor u has gauge term A then the gauge
term of the spinor wu is 24 + A, since

o~

Vx (wu) = Vxwu+wVxu
= Vx(wu)+ (2A+ A)(X)wu. (4.5.15)

We will also require that V be compatible with the inner product on spinors and the
charge conjugate.
Associating the gauge term 2A with K, equation (4.5.9) is equivalent to

N 1 .
Sym(VKb)—l—Ed*Kbg = 0. (4.5.16)

Benn has shown that this equation is equivalent to the shear-free condition [Ben94].
Specifically, if n > 1 and K is a non-null vector field satisfying (4.5.16), then K is
proportional to a unit shear-free vector. For n > 2, a null vector satisfying (4.5.16) is
shear-free and geodesic.

Now we turn our attention to shear-free vectors on spacetime. Contracting (4.5.16)
on an arbitrary vector X, the shear-free condition with n = 4 is equivalent to

_ 1o s 1
VXKb—gXJdeJer*K*’Xb = 0 VXecI'TM. (4.5.17)

Notice that this equation has the same form as the conformal Killing equation (4.3.4).
Exposing the gauge term A we have

1 1
VxK’— §XJde + 1d*Kb X’
= 24(X)K"+ X 1(AANK") + %A(K)Xb VXeTTM. (4.5.18)

Comparing this with the calculation following (4.3.4), it is clear that if x is the real
covector obtained from a Dirac spinor 1 then z! is shear-free if and only if

Re(z°, X" Ly + Y’ L
+ A(Y)X ) + A(X)Y ) — %g(X, Y)Ay) = 0 (4.5.19)
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for all real vectors X and Y. If we define a gauged covariant derivative on spinors by
Vxy = Vxi¢+ AX)y (4.5.20)

we obtain a gauged twistor operator,
Lxy = Vx — ixbm Y e TS(M). (4.5.21)
(We reserve the ‘hat’ symbol for later use). Then (4.5.19) is equivalent to
Re(z°, XLy + YLxy) = 0 (4.5.22)

for real vectors X and Y. Since (4.5.22) has precisely the same form as (4.3.10), we can
use the proof of Theorem 4.4.21 to show that the shear-free condition for a null geodesic
vector field is equivalent to a GL(1, C)-gauged twistor equation for a semi-spinor.

Theorem 4.5.23 Let u be a semi-spinor on a spacetime (M, g). If k = (iu®, e®u)X,
s shear-free then there exists a complex 1-form A such that

~ 1 ~
Vxu — ZXbDu = 0 VXeTI'TM (4.5.24)
where
Vxu = Vxu+AX)u (4.5.25)
Du = Du+ Au. (4.5.26)

Conversely, if u satisfies (4.5.24) for some complex A, then k is shear-free.

Proof. If k is shear-free then there exists a real 1-form A such that (4.5.18) holds, hence
u satisfies (4.5.22). Since this equation has the same form as (4.4.7), the components
of L xu satisfy the equations (4.4.6) and (4.4.15)—(4.4.20). So we can find a real 1-form
A’ such that

1
Lxu = —z’A’u+1iXbA'u (4.5.27)

in exactly the same way as for Theorem 4.4.21. Expanding (4.5.27) in terms of the
ordinary covariant derivative V, it is clear that w is a solution of (4.5.24) with A =
A +iA', that is, Re[A] = A.

Conversely, if u satisfies (4.5.24) then

Re(iu, X' Lyu+ Y°Lyu

+AY) XU+ AX) Y u — %g(X, V) Au) = 0 (4.5.28)

for X, Y real. By (4.4.36), any pure imaginary 1-form acting on u in the above will
vanish. Since Re[A(Y)X"] = Re[A](Y)X", we have

Re(iu®, X Lyu + Y’ Lxu
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+ ReAI(Y) X P+ ReA](X)Yu — %g(X, VYRe[AJu) = 0. (4.5.29)

Comparing this with (4.5.19), it is clear that k is a solution of (4.5.18) with A = Re[A],
hence it is shear-free. Note that this is consistent with our usage of V, since if kb =
4Alt(u ® u°) we would expect the gauge term of k” to be A+ A = 2Re[A]. n

Equation (4.5.24) is equivalent to what is usually referred to as Sommers’ equation,
although it is normally written in 2-component form with the 1-form A exposed. From
now on, it will be understood that a shear-free spinor is a semi-spinor which satisfies
(4.5.24) for some complex 1-form A. We can show directly that the shear-free spinor
equation is equivalent to (4.1). Now

1 1
(u, Vx,u— ZeaDu + Au — zeaAu)eau
(u, Vx,u)eu — A (Du® t)u — A (Au® a)u. (4.5.30)

If v and v are semi-spinors with opposite parity, the intersection of their null spaces is
a 1-dimensional space spanned by .~ (v ® @), hence .71 (v®@@)u = 0. Since Du and Au
have opposite parity to u, the last two terms in (4.5.30) vanish. So if u is shear-free
then (4.1) holds. Conversely, if (4.1) holds then setting .4 = 0 in (4.5.30) shows that
(u, Lx,u)e*u = 0. This implies that (u,Lx,u)e® is a null vector, so there exists a
semi-spinor v with opposite parity to w such that .1 (v ® 4) = (u, Lx,u)e®. Writing
(v ® 1) in terms of the basis vectors we have

1
(u,LXau—Zeav) = 0. (4.5.31)

Since (, ) is antisymmetric, and the space of semi-spinors is 2-dimensional, the only
possibility is that Lx,u — %eav is proportional to u for each a. That is, there exists a
set of complex functions A, such that

1
LXau—ieav = —Au. (4.5.32)

Multiplying on the left by e%, we see that v = A e*u = Au, so

a

1
Lxu = —Aju+ Zea.Au (4.5.33)

which is clearly equivalent to (4.5.24).

4.6 Conformal properties of shear-free spinors

In this section we examine the behaviour of the the GL(1, C)-twistor equation under
rescalings of the metric. First we recall the properties of the covariant derivative induced
by conformal rescalings of the metric. If g is scaled according to § = e?*g for A € F(M),
then the g-compatible torsion-free covariant derivative V is related to V by

VxY = VxY+XAY 4+YAX —g(X,Y)d\' VX, Y eI TM. (46.1)
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Let {e} be a g-orthonormal co-frame with dual {X,}, and let {é?} be a g-orthonormal
co-frame with dual {X,} where & = e*e® and X, = e *X,. Since the structure of the
Clifford algebra depends only on the signature of g, at each point p € M there is an
algebra isomorphism p : C*(TyM, g) — C®(T; M, g), defined on the basis covectors
by p(é*) = e®. Then for a 1-form A we have

p(A) = A(Xa)p(e)
= A(X,)e?
= e A, (4.6.2)

If the g-Clifford product of arbitrary forms ¢ and w is denoted by V, then p(w V ¢) =
p(w)p(¢) and p(A) = A for A € C. It follows that p(w) = e P w if w is a p-form. This
isomorphism may be extended to a bundle isomorphism between the Clifford bundles
of (M, g) and (M, g).

Now suppose that (M, g) is a spin manifold. Unlike the tangent and cotangent
bundles, the spinor bundle depends specifically on the metric. In general, the spinor
bundle with respect to one metric is unrelated to the spinor bundle with respect to a
different metric. However, if the metrics are conformally related, the isomorphism p
induces a spinor representation of the fibres of C*(M, g) on the fibres of S(M). We
denote the action of a g-Clifford form w on a spinor field ¥ by wetp, where woth = p(w)1p.
Under this action, the covariant derivative on spinor fields induced by V is related to
the standard spinor covariant derivative by

Vy) = Vyth+ = (Ym Y)\)w Y € TS(M). (4.6.3)

Then the Dirac operator of V is given by

Dip = &%V v
1
= e e {vxa¢ + 5 (adA = X)) ¢}

= {Dw + gd)\ ¢} V4 e TS(M). (4.6.4)

We are now in a position to see how the GL(1, C);gauged twistor equation changes
under conformal rescalings. The twistor operator of V is

Iy = Vyy— iygofw Vb € TS(M) (4.6.5)

where Y? is the metric dual of ¥ with respect to g. This is simply a rescaling of Y?, as
Y? = > Y”. Then from (4.6.2) we have Y?ot) = e*Y?). If ¢ = et¢) for some complex
function p, then

Iy = Vyi+ = (de/\ YA)zp——Y" (D¢+ de)

= e"Vyth+ etV + §e“ (deA - YA) b
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4
= {Lyqp + < I — YA)¢ — fyb (du - ;d)\>z/)} : (4.6.6)

Ly (Dw +dui + §dA 1/1)

Since Yu = du(Y), if ¢ satisfies (4.5.24) then the equation above becomes
. 1, 1 1., 1 -
Lyd = {—AW)+ A+ (du—Sd\) (V)= 1Y (dp— 5dA) {0
1 ~ 1_= 1 ~
— (—A +dp— 2d)\> (V) — ¥V <—A +dp— 2d>\) . (46.7)

So if 1 satisfies (4.5.24) with gauge term A, then w satisfies the GL(1,C)-twistor
equation of (M, g), with gauge term A=A—du+ d)\ In particular, (4.5.24) is

conformally invariant if we take u = A/2. While A is not preserved for arbitrary scalings
of 1 and g, we observe that A and A only differ by an exact form, so that d.A = dA.
As was noted by Sommers [Som76], the 2-form d.A is thus invariant under rescalings of
1), and so is determined by the congruence rather than by . If d A vanishes, then A is
(locally) exact, and so v is proportional to a twistor and the congruence corresponding
to 7 is a Robinson congruence.

4.7 Timelike conformal Killing vectors

In this section we generalise the previous results on semi-spinors to the Dirac spinor
corresponding to a timelike vector field. We will show that a spinor corresponding
to a timelike conformal Killing vector satisfies a gauged twistor equation. Unlike the
null case, we have a great deal of freedom in the choice of Dirac spinor for a given
timelike vector, thus the gauged covariant derivative has other terms in addition to a
U(1)-component. We show how these additional gauge terms arise from the group of
transformations which leave the timelike vector fixed.

Let 1 be a Dirac spinor, which we may write as ¢ = u + v® where u and v are
linearly independent even semi-spinors. Then the covector x = 4.77 (21)®°) is real and
timelike, with g(z,z) = —4|(u,v)|?. Given u and v, the null basis vectors {k,l,m,m}
are given by (4.4.3). Then {k°,m’} spans the null space of u and {I’,/m’} spans the
null space of v. Since z = k> — I’ it is clear that g(k,1) = 2|(u,v)|?. Using the Fierz
rearrangement it can be shown that g(m,m) = 2|(u,v)|? also, while all other pairs are
zero. Putting pu = 2|(u,v)|?, the Clifford products of the basis covectors are

P+ = 24

b b = 2 (4.7.1)

mmb—i-mm

while all other basis elements anti-commute. We will take {u,v,u® v°} as a basis for
Dirac spinors. Later we will need to know the action of a pair of basis covectors on
each element of the spinor basis. For example, m’u is a non-zero odd spinor. Since
m’m’u = 0 and kK*m’u = —m’k"u = 0, the null space of m’u is spanned by {k°,m’}.
Thus m’u must be proportional to u¢. Suppose that m’u = Au¢ for some complex
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function A. Then

= (iv% Auf) (4.7.2)
therefore

Similarly,

hence

[, 0)2
= —2uw. (4.7.4)

From the Clifford relations and the properties of the charge conjugate, we obtain the
following table of multiples:

Flu = 2uu EPuc = 2puc

=~ b b bib,,c c

m’lPu = 2uv m’Pu¢ = 2uv

bbo b b _ ¢ (4.7.5)
m'm’u = 2uu m’m’u® = 2uu

EmPv = 2uu EPmbo = 2uuc.

In §4.4 we found that the spinorial conformal Killing equation for a semi-spinor
was equivalent to a U(1)-gauged twistor equation. In this section we hope to find a
gauged twistor equation (possibly with more general gauge terms) for the Dirac spinor
1) which is equivalent to (4.3.10). The main problem is to determine the form of the
gauge terms. In the case of a null conformal Killing vector, the pure imaginary 1-form
iA was chosen because of the U(1)-scaling freedom in the choice of semi-spinor. For
a given timelike vector z, however, we have a much greater freedom in the choice of
Dirac spinor ©. We would anticipate that any equation that 1 must satisfy in order
for x to be conformal Killing must also be covariant under transformations of ¢ which
fix . We begin by examining the Lie algebra of real 2-forms which annihilate z under
the Clifford commutator. At a fixed point p € M, let

6. = {0 €M(TyM):[o,2] =0} (4.7.6)

with the Clifford commutator as Lie bracket. Now exponentiation maps g, into the
group G C Spin(3,1) which fixes z under the vector representation x. It follows that
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any transformation

v — exp(o)y, o€g, (4.7.7)

fixes x. Since x is timelike, we must have G, ~ Spin(3). In fact, we can show that
exp(g,) = G,. By evaluating the commutator of x with each element of a basis for the
real 2-forms, we find that g, is generated by the 2-forms

oy = 41,u(k:+l)(m+m)

= —(k+DAm+m) (4.7.8)
oy = —i(k+1)(m—m)

= —i(k+D)A(m—m) (4.7.9)
o3 = —i(p—mm)

= ——imAm (4.7.10)

with commutation relations
[o1,00] = o3 lo1,03] = —o2 (02,03 = o1.

This can be recognised as the Lie algebra su(2). Exponentiation sends su(2) onto the
simply-connected group SU(2) ~ Spin(3), hence the only elements of Spin(3,1) which
fix  under x are exponentials of elements of g,,.

Now for any real 2-form o at p € M we have

[o,2] = (20% eath) o, €]

_(chv [07 ea]w)ea

(24°, eaoip)e® — (29°, oeat))e?

(29°, eaop)e® + (29, oeat)®)e?

= 2Re(20°, eqoth)e” . (4.7.11)

Thus if o € g, then
Re(z¢¢, eqop) = 0. (4.7.12)

Now since ¢ = u + v°, using the action of the basis covectors on u and v® given in
(4.7.5) we see that

1 1. 1,
oy = *5737116 o) = *QZZT/)C o3y = *5“/}-

Expressing o as the linear combination ¢ = a‘c; for o' € R, equation (4.7.11) is



§4.7 Timelike conformal Killing vectors 65

equivalent to
Re(zC,icde ) + (o +ia%)e5¢°) = 0 Yo' eR. (4.7.13)

While this analysis is at a fixed point p € M, it is clear that we can replace the
constants o’ by real functions, hence

Re(z9°,iAeq) + peqa2y°) = 0 (4.7.14)

for all real functions A and complex functions g. Returning to the spinorial conformal
Killing equation (4.3.10), the above equation shows that if we define a gauged covariant
derivative V with gauge terms of the form

Vxt¢ = Vxip—24"(X)on (4.7.15)

for real 1-forms A?, then (4.3.10) is equivalent to
Re(zy°, ea§sz/J +epVx, b — %gabﬁw) = 0. (4.7.16)
Expanding the o; terms in (4.7.15) shows that
Vxt = Vxtp+ (ANX) +id%(X)) 2° +id*(X). (4.7.17)

So far, we have shown how the the covariant derivative may be modified by gauge
terms arising from the isotropy group of x. However, there is another transformation
of ¢ which fixes x, the chiral transformation given by

Y — exp(iAZ)y, e F(M). (4.7.18)

Noting that exp(iAZ) = cos A + isin A Z, it is straightforward to show that this trans-
formation preserves x. We could not have expected to find it from the isotropy group
of x because it does not lie in the Spin group, or even in the Clifford group, since
it does not preserve the space of 1-forms under the vector representation. The chiral
transformation gives rise to a ‘chiral’ U(1)-gauge term of the form iAZy. It is easily
seen that

Re(z4,ideqzp) = 0 Ve F(M). (4.7.19)

Inserting a term of the form iB(X)# into (4.7.17) and replacing A3(X) by A(X) and
(AY(X)+iA?(X)) by C(X), it can be seen that the spinorial conformal Killing equation
(4.3.10) is equivalent to (4.7.16), where this time Vx1 is given by

Vx¥ = Vxt+iAX)p+iB(X)5)+iC(X)z° (4.7.20)

for real 1-forms A, B and complex 1-form C. We will suppose that 1 satisfies a ‘gauged’
twistor equation with gauge terms of this form.
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We will write Lx in components as
Lxy = a(X)u+ B(X)v+y(X)u® + 6(X)v°. (4.7.21)

Since e*Lx, ¢ = 0, we must have cu + v + yu® 4+ 6v® = 0. This gives a relationship
between certain components of Lx. An arbitrary 1-form « may be written in terms
of the basis covectors as

o = i (@R + a(k)l® + a(m)m’ + a(m)i) . (4.7.22)

Expressing au 4+ fu + vyu 4+ du = 0 in components, it can be shown that

a(k)+p4(m) = 0 a(m)—=p(1) = 0

v(k)+d(m) = 0 ~v(m) —d(l) = 0. (4.7.23)

Now the spinorial conformal Killing equation for 1 is (4.3.13). We may write this
equation using the components of ¥ and L x, in order to express it as a tensor equation
for the real part of a complex tensor. First we define a symmetric (2,0) tensor W by

W(X,Y) = (i —iv,a(X)Yu+a(Y)X u+ B8(X)Yv + (V)X 0
+ Y X)YPuC 4 (V) XPuC 4 6(X) Y0 + 6(Y) X 0°).

Then (4.3.13) is equivalent to
ReW(X,Y) = 0 (4.7.24)
for all real vector fields X and Y. Now for an arbitrary vector field X we have

(iu®, X’u) = Kk (X) (i, X’v) = m
(—iv, X’v°) = —I(X) (—iv, X°u) = m

Noting that the inner product of an odd semi-spinor and an even semi-spinor is zero,
it is clear that W may be written as

W= 2Sym(a®kb—6®lb+ﬁ®mb+’y®mb). (4.7.25)
Then the real tensor 1" = 2 Re[W] is given by
T = 2Sym((a+d)®kb—(5+5)®lb+(B+’7)®mb+(ﬂ+”y)®mb)).

from which we can see that (4.3.10) is equivalent to the tensor equation 7' = 0. Evalu-
ating T'(k, k), T'(k,1), ..., T(m,m) we find that the equation 7" = 0 is equivalent to the
following equations for the components of L x1):

Re[d6(k)] = 0 (4.7.26)
Re[a(k)] — Re[d6(1)] (4.7.27)
B(k) + (k) —d(m) —6(m) = 0 (4.7.28)
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Rela(l)] 0 (4.7.29)

a(m) +a(m) +B(1) +~+(1) = 0 (4.7.30)
B(m)+~(m) = 0 (4.7.31)

Re[B(m)] + Re[y(m)] = 0. (4.7.32)

The last equation is actually the same as the first equation by (4.7.23). Given these
constraints and (4.7.23), we now try to solve for gauge terms such that 1) satisfies a
gauged twistor equation.

Theorem 4.7.33 Let 1) be a Dirac spinor on a spacetime (M, g). If ¥ = (21°, e%)) X
is conformal Killing then there exist real 1-forms A and B and a complex 1-form C such
that

~ 1 ~
Vxtp— ZXszp = 0 VXcTTM (4.7.34)
where

Vxtp = Vxh+iAX) +iB(X)z0 + iC(X)5)°
Dy = Do+ iAy+ iBip +iCz0°.

Conversely, if 1 satisfies (4.7.34) for some real A, B and complex C then z' is a
conformal Killing vector.

Proof. If 2 is conformal Killing then equations (4.7.26)—(4.7.32) hold. We will show
that it is possible to find A, B and C such that

Lxy = —iAX))+ iiXbA@Z} —iB(X)z) + iixbsw
—iC(X)zyY° + szbCZ@Z) (4.7.35)

where A and B are real and C is complex. Using the Clifford relations, this equation
can be written as

1 1 1 1
Ly = —5iAX)Y - ZiAXw - iB(X)z0 — ziBszw
1 1
- 5iC(X)zy° — Zicxbzw (4.7.36)
For ¢ = u + v° we have Z¢) = v — v° and 2¢° = —u® 4+ v. Putting these components

into the above, we have

a(X)u+ B(X)v + y(X)u® + 0(X)v°
= (A + BX)u— i (A+B) Xu

1 1 1 1
- iiC(X)v — EiCva + iiC(X)uC + ZiCXbuC

_ %z (A(X) — B(X))v® — ii (A — B) X"v°. (4.7.37)
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Setting F = A+ B and G = A — B, this becomes
a(X)u~+ B(X)v+y(X)u® 4+ §(X)v°
_ L L, o L Loy
= 22.7-"(X)u 41.7:Xu 21C(X)v 4ZCXU

%ig(X)vc — iiQXbUC. (4.7.38)

+ 1z’C(X)uC +iexoue -
2 4
The procedure used in solving for F, G and C is similar to that used in the null case.
We simply evaluate (4.7.38) on each basis vector in turn to solve for the components
of F, G and C, subject to the constraints given above.
To illustrate the calculation, we will compute (4.7.38) with X = k in detail. Since

kPu = K'u® = 0, we have

a(k)u+ B(k)v + y(k)u® + 6(k)v°
Y _ L _Liew
= 2z.7-"(l<:)u 2zC(k:)v 4@Ck: v
1.

+ 1z'C(k)uC — —iG(k)v® — 1igkbv‘:. (4.7.39)
2 2 4
Now
Chy = ; (CQOR + R + Clmpm? +Clmym’) K
= lC(k:)lbk:bv + lC(m)mbkbv since Kk’ v = m kv = 0
[ [
= 10(/@(2# — kP — lC(m)kbm%
u u
= 2C(k)v—2C(m)u. (4.7.40)
Similarly,

Gk = 2G(k)v° —2G(m)uc. (4.7.41)
Substituting into (4.7.39) we have
a(k)yu+ B(k)v + y(k)us + 5(k)v°
= i (F (k) — Cm) u—iC(kyo + 5i (Glm) + C(R)) u — i GRS

From this we obtain expressions for the components of the gauge terms in terms of the
components of Lp1. In the same way, we can substitute each basis vector for X in
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turn, from which we obtain the following equations:

F(k)—C(m) = 2ia(k) F) = ia(l)
C(k) = 1ip(k) F(m)+C(l) = 2iB()
G(m)+C(k) = —2iy(k) cly = —in(l)
Gk) = 1id(k) Gg(l)—C(m) = 2i6(1)
F(m)+C() = 2ia(m) F(m) = ia(m)
C(m) = iB(m) F(k)—C(m) = —2iB(m)
C(m) = —iy(m) g(l)=C(m) = 2iy(m)
G(m)+C(k) = 2i6(m) G(m) = id(m)

When (4.7.26)—(4.7.32) hold we can find a solution for this set of equations. Clearly
C(k) = iB(k), C(l) = —ivy(l) and C(m) = i3(m), which is consistent with C(m) =
—iy(m) by (4.7.31). Now F(k) = 2ia(k) + C(m), so for F to be real we require that

Sm[2ia(k) + C(m)] = 0. It follows that we must impose the condition Im[C(m)] =
—2Re[a(k)]. Continuing, F(I) = ia(l) is real since Re[a(l)] = 0, and
F(m) = 2ia(m)—C(l)
= 2ia(m)+iv(l)
= 2ia(m) —ia(m) —ia(m) —iB(l) by (4.7.30)
= —ia(m) by (4.7.23). (4.7.42)

This is consistent with the reality of F since we also have F(m) = ia(m) = F(m). For
G we have G(k) = id(k), which is real since Re[d(k)] = 0, and G(1) = 2i5(1) + C(m), for
which

SmG(l)] = 2Re[0(1)] + Sm[C(m)]
= 2Re[a(k)] + Sm[C(m)] by (4.7.27)
= 0. (4.7.43)
Finally,
G(m) = 2id(m) —C(k)
= 2id(m) +iy(k) —i6(m) —id(m) by (4.7.28)
= —id(m) (4.7.44)

while G(m) = id(m) = G(m), so G is real. Then the components of A, B and C are
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A(k) = —%m[a(k)]—i—ﬂd(k)—i—%%e[(?(m)] A(m) = —=i(a(m)+d(m))
A(l) = fza(l)—Sm[d(l)]jt%%e[C(m)] A(m) = —i(a(m)+do(m))
Bk) = ~Smla(k)] — yid(k) + gRelc(m)]  Blm) = i (a(m) — 5(m))
BU) = gia(l) +Smls)] - SReiCOm) B(m) = ~i(a(m)— 6(m))
C(k) = iB(k) C(m) = ip(m)

W) = —in) Smlc(m)] = —2Rela(k)].

We are free to choose the real part of C(m).
Conversely, if (4.7.35) holds then

0 = Re(20°, X Lyt + Y Ly
+iIAY) XY +iA(X)Y ) — %ig(X, Y).Av
+B(Y) X 20 4+ iB(X)Y? 50 — %z’g(X, Y) B
+iC(Y)X 2 +iC(X)Y? 29 — %ig(X, Y)Cz°). (4.7.45)

From (4.7.14) and (4.7.19) it can then be seen that all the terms in (4.7.45) vanish
except for the twistor operator terms, thus 1 satisfies the spinorial conformal Killing
equation (4.3.13). n

4.8 Timelike shear-free vector fields

As in Theorem 4.5.23, once the calculations for the conformal Killing vector field have
been done, the equation for the shear-free condition is obtained by simply adding
another gauge term to the covariant derivative.

Theorem 4.8.1 Let 1) be a Dirac spinor on a spacetime (M, g). If ¥ = (29, ™)) X,
s shear-free then there exists a real 1-form B and complex 1-forms A and C such that

~ 1 ~
Vxtp— ZXsz,z) = 0 VXcTTM (4.8.2)
where

Vxtp = Vxih+ AX)p +iB(X)z0 + iC(X)5)°
Dy = Du+ Ay + iBzp 4 iCzy°.

Conversely, if 1 satisfies (4.8.2) for some real B and complex A and C then z* is
shear-free.
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Proof. If 2% is shear-free then there exists a real 1-form A such that v satisfies (4.5.22),
where Lx is the twistor operator of V, and Vx¢ = Vxv¢ + A(X)y. Since (4.5.22)
has the same form as (4.3.10), the components of Lx1) satisfy equations (4.7.23) and
(4.7.26)—(4.7.32). Then we can find real 1-forms A’, B and C such that v satisfies
(4.7.35), where Lx1 is replaced by Lx1. Since Lxv = Lxv + A(X)y — %XbAw, it is
clear that v satisfies (4.8.2) with A = A +iA’. Conversely, if ¢ satisfies (4.8.2) then it
is clear from (4.7.14) and (4.7.19) that z satisfies (4.5.18) where A = Re[A]. n



Chapter 5

Conformal Killing-Yano Tensors
and Shear-free Spinors

In this chapter we consider generalisations of the conformal Killing equation and the
shear-free equation to tensors of higher degree. Killing tensors were first introduced as
solutions of a generalisation of the Killing vector equation. One possibility is to replace
the vector field by a totally symmetric tensor, whilst Yano extended Killing’s equation
to a totally antisymmetric tensor, or differential p-form [Yan52]. We refer to these as
Killing- Yano tensors. The Killing-Yano (KY) equation is not invariant under conformal
rescalings of the metric. The conformal generalisation of the KY equation has been
given by Tachibana for the case of a 2-form [Tac69], and by Kashiwada and Tachibana
for forms of higher degree [Kas68, TK69]. It then emerges that a Killing-Yano tensor
is a co-closed conformal Killing-Yano (CKY) tensor. The original presentation of CKY
tensors used tensor components. Since it is an equation for a p-form, we are able
to write the CKY equation very compactly using exterior calculus. This chapter is
primarily a review of certain properties of CKY tensors, which will be used extensively
in Chapter 6 to construct symmetry operators for the Maxwell and Dirac equations.
On spacetime, the only non-trivial CKY forms are 2-forms. In this case, there is
a useful relationship between self-dual CKY 2-forms and shear-free spinors. Equation
(4.1.4) shows how any self-dual 2-form w may be related to a pair of even semi-spinors
u and v. It can be shown that if w is a CKY 2-form then u and v each satisfy the
shear-free spinor equation (4.5.24). If the gauge term associated with u is A then v
satisfies (4.5.24) with gauge term —.A, that is, the gauge terms of u and v sum to zero.
More generally, Dietz and Riidiger have shown that for w non-null (that is, w - w # 0),
u and v are shear-free spinors with independent gauge terms if and only if w satisfies a
certain generalisation of the CKY equation [DR80]. Although they did not interpret it
as such, this equation can be obtained from the CKY equation by replacing the ordinary
covariant derivative with a GL(1, C)-covariant derivative. This is analogous to the way
we obtained the shear-free vector equation from the conformal Killing equation in §4.5.
For this reason we refer to it as the gauged CKY equation. When written in this form,
we may also consider null 2-forms which are solutions of the gauged CKY equation, a
case which was not examined by Dietz and Riidiger. We then have a single equation
which characterises the semi-spinors determined by a 2-form as shear-free in both the
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null and non-null cases. In four dimensions we refer to 2-forms satisfying the gauged
CKY equation as ‘shear-free’ also.

5.1 The conformal Killing-Yano equation

In §4.3 we made the observation that the numerical coefficients in the conformal Killing
equation (4.3.4) are just such that we cannot conclude that K is closed or co-closed.
This suggests how the equation may be generalised to arbitrary forms in higher dimen-
sions. Replacing K > in (4.3.4) by a complex p-form w and inserting the appropriate coef-
ficients, the conformal Killing-Yano equation on an n-dimensional pseudo-Riemannian
manifold (M, g) is

1
————TWAd% VXeTTM. (5.1.1)

1
Vxw = ——X ldw—
* p+1 n—p+

With X = X,, equation (5.1.1) implies that

1 1
CAV = —e"ANX Jddw — —————e Neg N d
e X,Ww p+1e oddw n—p—l—le eq N d'w
= dw
and
XY Vyw = XX, Jdw+ — X1 (e A dw)
¢ p+1 n—p+1
1
= ——  (ndw—e, AN X Id'w
+1
n—p
= dw

as required. Taking the derivative of (5.1.1) we have

1 1
= — X)Jd —X d
VyVxw p+1(Vy ) w+p+1 Vydw
1 1
— Uy XA ———— XA d*
n—p+1vy Naw n—p+1 Vydw
1 1
X - X W
Vvaw+p+1 AVydw R A Vydw

Contracting the above with X = X® and Y = X, gives the integrability condition

1 1
Vi = ———d'dw — ———dd'w (5.1.2)
p+1 n—p+1
which we will use later. From the definition of the co-derivative, it is clear that
«(XPAdw) = (=1)P Lx(dw A X)
= (—1)PIX Jsextdrnw
= —XJdsw. (5.1.3)
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Equivalently,
(X Jdw) = —X"ANd*sw. (5.1.4)

Since the Hodge dual commutes with V, it follows that the dual of a CKY p-form is a
CKY (n — p)-form. Thus in even dimensions, say n = 2r, a CKY r-form decomposes
into self-dual and anti self-dual r-forms which are also CKY tensors.

If M is 4-dimensional, it can be seen that the only non-trivial CKY tensors are
2-forms. A CKY 0-form or 4-form is constant (parallel), while comparing (5.1.1) with
(4.3.4) we see that a CKY 1-form is simply the metric dual of a conformal Killing
vector. Since the CKY equation is invariant under Hodge duality, a CKY 3-form is
simply the Hodge dual of a CKY 1-form. For a 2-form in four dimensions, it has been
shown in [BCK97] that (5.1.1) is equivalent to Tachibana’s conformal generalisation of
the Killing-Yano equation in the following way. If w is a 2-form then

w(X,Y) = %YJXJM VX, Yel'TM. (5.1.5)
When p = 2 and n = 4, equation (5.1.1) implies that
Vyw(X, Z) + Vy(X,Y) = %d*w(X)g(Y, 7) - éd*w(Y)g(Z,X)
- %d*w(Z)g(X, Y). (5.1.6)

This is Tachibana’s original equation [Tac69]. Putting X = X, and ¥ = X, and
multiplying both sides of (5.1.6) by ¢, we recover equation (5.1.1). Yano’s equation
is obtained by setting the left-hand side of (5.1.6) to zero, thus a Killing-Yano tensor
is simply a co-closed conformal Killing-Yano tensor.

5.2 The gauged CKY equation

In §4.5 we showed that the shear-free vector equation may be considered a generalisation
of the conformal Killing equation for a vector field, where the ordinary covariant is
replaced by a gauged covariant derivative. Modifying (5.1.1) in the same way, we say
that a complex p-form w is a gauged CKY tensor if there exists a complex 1-form A
such that

~ 1 1 o
Vxw = —Xldo— ——X"ANdw Y X cI'TM (5.2.1)
p+1 n—p+1

where Vyw is given by (4.5.10). It can easily be shown that d*w = *Ldxnw, hence
(5.2.1) is also invariant under Hodge duality. We emphasize again that the gauge term
2A is determined by w. In general, the gauge terms of different gauged CKY tensors
will be unrelated.

When w is a 1-form, (5.2.1) is simply the shear-free vector equation (4.5.16) on
(M, g). Now suppose that (M, g) is a spacetime. When w is a 2-form, we can regard it
as a linear mapping on vector fields. The gauged CKY equation can then be interpreted
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in terms of the real eigenvectors of w. An eigenvector of w is any (complex) vector field
X such that

Xlw = MX° (5.2.2)

for some complex function A. Since 2-forms are ‘middle forms’ in spacetime, we may
restrict our attention to self-dual gauged CKY 2-forms without loss of generality. From
the definition of the inner product on forms (2.1.29), if *w = iw then

wrxl = iwAw wherew? =w-w. (5.2.3)

Then for any vector field X,

WX = i X l(wAw)
2iXlwAw. (5.2.4)

For this dimension and signature, the Hodge dual has the property that

_ —¢ if ¢ is even
e = { ¢ if ¢ is odd. (5:2:5)

Taking the Hodge dual of (5.2.4), we see that

WX = 2ix(XJwAw)
= 2i(XJw) ] sw
= 2(XJwilw. (5.2.6)

It follows from (5.2.2) that if X is an eigenvector of w then its eigenvalue \ satisfies

1
No= —§w2. (5.2.7)

Furthermore, the eigenspaces of w are isotropic. Suppose that X and Y are eigenvectors
with non-zero eigenvalue A. Contracting (5.2.2) on the left with Y | shows that

YIXJw = MN(X,)Y). (5.2.8)

Since the left-hand side is antisymmetric and A # 0 we must have g(X,Y) = 0. Now
suppose that A = 0. By duality, (5.2.2) is equivalent to

X’Aw = 0. (5.2.9)

Contracting the above with Y | shows that g(X,Y)w = 0.

If w is null then it has a unique eigenvalue 0, and the eigenspace is a 2-dimensional
(and hence maximal) isotropic space. Since the Lorentzian signature is (3,1), a MTIS
contains precisely one real null direction. If w is non-null then it has two 2-dimensional
eigenspaces, corresponding to the two distinct eigenvalues. Each of these is also a MTIS
containing a real null direction. With n = 4 and p = 2, exposing the gauge terms in
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(5.2.1) yields Dietz and Riidiger’s generalisation of the CKY equation [DR80],

1 1
Vxw — gXde + gxb A d'w

2 2
= —2A(X)w+§XJ(AAw)+§XbAAMw VX ecI'TM. (5.2.10)

Taking the exterior product of (5.2.10) with *w gives the equation

WA = Zduﬁ — (dw) Jw. (5.2.11)
If w is non-null we may solve for A in terms of w. On the other hand, if w is null
then this shows that (d'w)? is an eigenvector of w. In that case we can solve for the
components of A using a null tetrad adapted to the eigenvectors of w. In either case,
there is only one A such that w satisfies (5.2.10).

Writing (5.2.10) in spinorial form, Dietz and Riidiger have shown that a non-null
2-form w satisfies (5.2.10) if and only if its real eigenvectors are shear-free [DR80]. For
this reason we refer to self-dual solutions of (5.2.10) as shear-free 2-forms. As we shall
show, Dietz and Riidiger’s result also holds if w is null. In the notation of §4.1, we may
relate w to a pair of even spinors u; and ug by

1
w = jmeuntuen), (5.2.12)

where u; and ug are determined up to complex factors e* and e=?, respectively. The
real eigenvectors of w are the real null directions determined by u; and wug via (4.1.9),
thus w is null if and only if u; and us are linearly independent. Then the spinorial form
of (5.2.10) is

4V xu1 @ g — XbDul R Uy +4u1 @ Vxus —u1 ® XbDug
+Vx,u1 ® €aXbU2 + €aXbU1 ® Vx, ua + (u1 — 'LLQ)
= —12A(X)’LL1 X ug + 2XbAU1 R Ug + 2u1 ® XbAU2 + (u1 — UQ) . (5213)

We can write this more compactly using the twistor operator, however we also need
terms such as e?X’u; ® egDug. The identity (2.2.6) shows that e“¢pe, = 0 when ¢ is a
middle form. Since the symmetric product of two odd (or even) spinors is a 2-form, we
have

" XPu; @ eqDuj + e*Duj ® eaX'u; = e (Xbui ® Duj + Du; ® Xbui> €q
= 0. (5.2.14)

Adding the appropriate terms, equation (5.2.13) is equivalent to

6Lxu; @ us + 6u; ® Lxus
—Lx,u1 ® Xbe“ug — Xbeaul ® Lx,us + (u1 <> ug)

= —12A(X)u; ® g + 2X" Auy @ g + 2u1 @ X Aug + (ug < ug) . (5.2.15)
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We can use this form of (5.2.10) to prove the theorem of Dietz and Riidiger.

Theorem 5.2.16 On spacetime, w = Sym (u; ® ug) is a shear-free 2-form if and only
if uy and ue are shear-free spinors. The gauge terms satisfy

A1+ Ay = 24,
where Ay, As and A are the gauge terms of ui, uz and w, respectively.

Proof. It is straightforward to show that if u; and us satisfy
Lxu; = —Ai(X)u; + iXbAiui (no sum)
then w satisfies (5.2.15) with 24 = A; + Ay with the use of the relation
"X u; ® eqAu; + e Au; ® e X'u; = 0. (5.2.17)

Now suppose that w satisfies (5.2.15) for some A. As an abbreviation, we will write
(5.2.15) as

6L xu; ® o 4+ 6u; ® Lxus
—Lx,u1 ® XPeayy — XPe%uy @ Lx,uz + (ug <> ug) = 0, (5.2.18)

where Lx is the twistor operator of the gauged covariant derivative given by
Vxu = Vxu+AX)u. (5.2.19)
Contracting (5.2.18) on, say, uy yields

G(Lqu, ul)ul — 6(u1, UQ)]LXU1 + 6(LXu1, ul)uQ
- (Xbe“ug,ul)]LXaul — (XbeaU1,U1)LXaU2
— (ILXGUQ,ul)Xbeaul - (]LvXaU1,U1)Xbeau2 = 0. (5.2.20)

Using (4.1.2), we can rearrange the inner products above so that

2(]LXu2, ul)ul — 4(LXU1, UQ)U1 + 6(LXu1, ul)uQ
— (Xbeauz,ul)LXaul - (Xbea'U/l,Ul)LXaUQ =0 (5.2.21)

where we have also used the relation

(]LXaui,Xl’e“uj) = (eaXl’]LXaui,uj)
= 2(LXui,uj) — (Xbea]LXau,;,uj)
= 2(Lxu;,uj;) since e’Lx, =0.

We will consider the null and non-null cases separately. If w is non-null, then u;
and ug are linearly independent. Writing Lxu; and Lxus as

Lxu; = a(X)u; + B(X)usg
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Lxus = 7(X)u1 + 5(X)UQ
where «, 3, v and ¢ are complex 1-forms, we must have

aul + Pus = 0
Yup +d0ue = 0

since e®ILx, = 0. The coefficient of ug in (5.2.21) must vanish, hence

(6Lxu1 — Xb/BUQ — Xbéul,ul) = (6Lxu1 + Xb(a — (5)U1,U1)
= 0. (5.2.22)

Since the only even semi-spinors orthogonal to u; are proportional to u;, there exists
a complex 1-form A} such that

6Lxu; + X’ (o —uy = —6A7(X)u; . (5.2.23)
Putting X = X, and multiplying on the left by e® shows that
4a—8uy = —6Au (5.2.24)
and so
Lxu; = —Aj(X)us+ iXbA'lul . (5.2.25)

Writing Lx in terms of A and the ordinary twistor operator, it is clear that uy is a
shear-free spinor with gauge term A; = A + A}. Contracting (5.2.18) on uy instead
shows that us is also a shear-free spinor with gauge term, say, As. In the first part
of the proof it was shown that if this is the case then the gauge term of w is given by
2A = A1 + As.

If w is null then u; and uo are linearly dependent, and they may be scaled so that
w = u ® u for some even semi-spinor u. Equation (5.2.21) shows that u must satisfy

2(Lxu,u)u — (X eu,u)Lx,u = 0. (5.2.26)

Given another spinor v independent from u, we have a basis {u, v} for the spinor space.
Writing Lxu = a(X)u + S(X)v for complex 1-forms a and (3, the coefficient of u in
(5.2.26) satisfies

(2Lyu — X oau,u) = 0 VX eTTM, (5.2.27)
hence there exists a complex 1-form A" such that
xu— X’au = —24'(X)u VX ETTM. (5.2.28)

Contracting on e* and X,, we have

au = -Au (5.2.29)
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and so
1
Lxu = —A(X)u+ ZX"A’u. (5.2.30)

That is, u is a shear-free spinor with gauge term A = A + A’. However, since we must
also have 24 + 24" = 24, A’ must be zero and the gauge term of u is simply A. m

If the gauge term of w vanishes then (5.2.15) is the spinorial form of the CKY
equation. This is usually known as the 2-index Killing spinor equation [WP70], which
is a generalisation of the twistor equation to spin-1 fields. In that case the gauge terms
of u; and uy must have opposite sign, say A and —A. If in addition w is null, the gauge
term of uw must vanish, hence u satisfies the twistor equation.

It is immediate from the theorem that if w is shear-free then the null 2-forms

o1 = u ®uU, P2 = Uz @ U

are also shear-free. By Robinson’s theorem, a null shear-free 2-form is proportional
to an exact form. A self-dual exact form is also co-exact, thus if w is null it can be
scaled to a solution of the vacuum Maxwell equations (this is not the case if w is non-
null). In higher (even) dimensions, Hughston and Mason have found a generalisation
of Robinson’s theorem [HMS88]. On a 2r-dimensional pseudo-Riemannian manifold
(M, g), a self-dual decomposable r-form w determines a collection of null 1-forms T,
where

T,(M) = {2l T"M":2Aw=0}. (5.2.31)

We will denote the collection of vector fields dual to T,,(M) by T (M). Since w is
self-dual we have

T*(M) = {XeI'TM": X Jw=0}. (5.2.32)

At any point p € M, T%(M) determines a MTIS of T,M®, and so T}%(M) determines
a distribution of null r-planes on M. The distribution is said to be integrable if

[ToM), TEM)) € TEM) (5.2.33)

where [, | is the usual commutator on vector fields. If this is the case then T.%(M)
defines a foliation of M. Now any decomposable self-dual r-form can be written in
terms of a pure spinor (see §2.3). Recall that the collection of null spaces determined
by a spinor field u is denoted by T, (M). Identifying w with u ® u where u is a pure
spinor field, it is clear that T, (M) and T, (M) are identical. Hughston and Mason
gave a spinorial proof that the integrability condition (5.2.33) is equivalent to each of
the following:

(1) There exists a complex 1-form « such that

dv+ahw = 0. (5.2.34)
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(2) For each X” € T,,(M),

u®Vxu—Vxu®u = 0. (5.2.35)

Furthermore, they showed that there exists a scaling @ of w such that do = 0. (In fact,
Hughston and Mason gave a much more general result for spinor fields of arbitrary
valence. The form in which we have presented these results is due to Trautman [Tra93)).

Returning to the 4-dimensional Lorentzian case where w is a null self-dual 2-form, it
is well-known that (5.2.34) is the condition that the real null eigenvector of w is shear-
free. It follows that (5.2.35) is equivalent to Sommers’ equation for this dimension and
signature. We can see this directly as follows. From (4.1.6) it is clear that (5.2.35) can
be written equivalently as

(u,Vxu) = 0 VX" eT,(M). (5.2.36)
In terms of the null basis given in §4.4, the shear-free spinor equation (4.1) is
(u, Viu)lPu + (u, Vipu)m’u = 0 (5.2.37)

since k’u = m’u = 0. Clearly, if (5.2.36) holds then u is shear-free. Conversely, if  is
shear-free then (u, Vyu) = (u, V,u) = 0 since ’u and m’u are linearly independent,
thus (5.2.36) holds. From this argument it can also be seen that w must also be a
solution of the gauged CKY equation. That is, if w satisfies (5.2.34) for some «, it
also satisfies (5.2.10) for some A. The relationship between o and A can be found
in terms of the null basis, although it should be noted that « is not unique since the
transformation

o — a+ K+ pum’ (5.2.38)

for complex functions A, p leaves (5.2.34) invariant. Given that (5.2.34) and (5.2.35) are
equivalent to the foliating condition (5.2.33) in all even dimensions, it seems worthwhile
to investigate the connection between these equations and the gauged CKY equation
(5.2.1) in higher dimensions. We hope to do this in future work.

5.3 Integrability conditions for shear-free spinors

Until now, we have not assumed any explicit restrictions on the form of the metric.
However, the CKY 2-form equation imposes strict integrability conditions on the con-
formal tensor. The Petrov classification scheme characterises the Jordan canonical form
of the conformal tensor regarded as a linear mapping on the space of self-dual 2-forms.
In the following we briefly summarise the Petrov types in a form that will be useful in
the study of CKY tensors. On spacetime, the Hodge dual squares to —1 when acting
on 2-forms. With the Hodge dual as complex structure, the 6-dimensional space of real
2-forms may be regarded as a 3-dimensional complex space. The conformal tensor C'
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Type Eigenvalues of C PND’s
1 Distinct p1, po, pz with X¥pu; =0, dimC),;, =1 Four 1-PND’s
D p, —2p with dimC), =2, dimC_5, =1 Two 2-PND’s
I p, —2p with dimC, =1, dimC_5, =1 One 2-PND, two 1-PND’s
N  p=0withdimC, =2 One 4-PND
11 p=0withdimC, =1 One 3-PND, one 1-PND

Table 5.1: Petrov types

may be regarded as a trace-free complex linear operator on 2-forms by defining
1
Cop = §XbJXaJ¢C“b ¢ € TASM. (5.3.1)

In an Einstein space, this operator is self-adjoint with respect to the dot product on 2-
forms. The Petrov type of a spacetime is determined by the number of eigenforms and
eigenvalues of the conformal tensor when acting in this way on the space of self-dual
2-forms. An algebraically general spacetime has three independent eigenforms with
distinct eigenvalues. Since C' is trace-free, the eigenvalues sum to zero. All other cases
are algebraically special. Details may be found in Thorpe [Tho69], or the more recent
book by O’Neill [O’N95].

Any null self-dual 2-form has one real eigenvector, in the sense of (5.2.2), with
eigenvalue zero. The principal null directions (PND’s) of the conformal tensor are the
real directions determined by null self-dual 2-forms satisfying

¢-Chp=0. (5.3.2)

An algebraically general spacetime admits four independent PND’s, while the Petrov
type of an algebraically special spacetime is determined by the way the PND’s coincide
as repeated principal null directions (RPND’s). From (5.3.2) it is clear that a null
eigenform of C' determines a PND. In fact, any null eigenform of C determines a
repeated principal null direction, and vice-versa. The multiplicity of a PND is 1 if ¢ is
not an eigenform of C, 2 if C¢ = u¢ with p # 0, 3 if C¢p =0 and dimkerC =1, or 4
if C¢p =0 with dimker C = 2. A PND with multiplicity m is called m-principal, while
1-principal null directions are said to be simple. Table 5.1 lists the properties of the
eigenvalues and PND’s of C' for each Petrov type, where C), is the eigenspace of C' with
eigenvalue p. If the conformal tensor vanishes, the spacetime is said to be conformally
flat or Petrov type O.

The admissible Petrov types of a spacetime admitting a CKY 2-form may be de-
termined using the integrability conditions of the shear-free spinor equation. Suppose
that u is a shear-free spinor with gauge term ¢.A (the constant ¢ is inserted for later
convenience). Differentiating (4.5.26) introduces the curvature operator R(X,Y') of V.
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This is related to the R(X,Y) by

~

R(X,Y)u = R(X,Y)u+qY 1X 1Fu, (5.3.3)
where
F = dA (5.3.4)

is the GL(1, C)-curvature. Differentiating the shear-free spinor equation (4.5.24) gives
the integrability condition

o~ o~

1 1 -~ =~
Rypu = ervaDu — §eaVbDu —2¢Xy 1 X, 1 Fu, (5.3.5)

noting that the action of the curvature operator on spinors is given by (2.4.25). For
vanishing torsion, the Bianchi identity (2.4.6) shows that e* Ry, = Fp. Then multiplying
(5.3.5) on the left by e® produces

Pu = —V,Du-— %ebﬁ2u + 29Xy Fu. (5.3.6)

A further multiplication by e’ gives
Hu = 4qfu—3f)2u (5.3.7)
since e’Py, = % by (2.4.9). Combining (5.3.5)-(5.3.7) with the definition of the

conformal 2-forms (2.4.11) we have

1 1
Capu = ¢ <6eab}" + 2.7-"eab) U. (5.3.8)

Now u determines a null self-dual 2-form ¢ = u ® @. In components, (4.1.4) shows
that ¢ is given by

1
¢ = —g(u, eaptt)e? . (5.3.9)
From (5.3.1), the action of the conformal tensor on ¢ is
1 ab
Cp = —=(u,eqmpu)C

8

1
— _g(“’ Cop)e® (5.3.10)

by the ‘pairwise symmetry’ of the conformal tensor. Substituting the integrability
condition (5.3.8) yields

1 1
Co = —@q(u,eabfu)—l—(iq(u,.?eabu)

1 1
= _@Q(uaeab]:u)eab + Eq(ua eab]:u)eab
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1
= ﬁq(u, eabfu)eab

= —%q(u, [F, eab]u)e“b (5.3.11)

where we have used the Clifford commutator. It is easily verified that

Xy Xpd[Frew) = —XodXpJ[F, eqp) (5.3.12)
SO we may write
Co = aluc)]F. e
48
_ —éq[]—“,qﬁ]. (5.3.13)

This is sufficient to show that the eigenvector of ¢ is a principal null direction, since

6-Cop = LaTBIF )

= 0(T(0F0) — F(60F))
= 0 by (2.2.9). (5.3.14)

In vacuum spacetime, the Goldberg-Sachs theorem states that a NSFG must be a
repeated principal null direction [GS62]. In more general spacetimes, necessary and
sufficient conditions for a NSFG to be a RPND are given by the generalised Goldberg-
Sachs theorem [KT62, RS63]. The following lemma shows that the eigenvector of ¢ is
a repeated principal null direction precisely when v is an eigenspinor of gF.

Lemma 5.3.15 Let u be a shear-free spinor with gauge term qA, and let ¢ = u ® 1.
Then Cp = pe if and only if ¢Fu = —3pu, where F = dA.

Proof. If C¢ = ¢ then (5.3.13) is equivalent to
u®qFu+qFu®i = —6upu®. (5.3.16)
Contracting with u we have
(¢Fu,u)u = 0 (5.3.17)
and so gFu = Au for some complex function A. Substituting this back into equation

(5.3.16) shows that A = —3pu. "

We are now in a position to determine the Petrov type of a spacetime admitting
a CKY 2-form. First we consider the null case. Recall that a CKY 2-form is simply
a shear-free 2-form with gauge term zero. From Theorem 5.2.16, it is clear that the
spinor u determined by a null CKY 2-form ¢ is a shear-free spinor with vanishing gauge
term — that is, a twistor. Since the gauge term is zero, we have C,yu = 0 and C'¢p = 0.
Given a second spinor v independent from u, we may construct a basis {¢, ¢’,w} for
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the space of self-dual 2-forms, where

1
¢ = —g(v,eabv)eab and w = —g(v,eabu)eab.
Then we must also have Cw = 0. If the spacetime is not conformally flat, then the
kernel of C' is 2-dimensional. Thus the eigenvector of ¢ is a 4-principal null direction,
and the spacetime must be Petrov type N.

From a non-null CKY 2-form w we obtain a pair of independent shear-free spinors
uq and ue with gauge terms A and —A. With F = dA and ¢ = 1, the integrability
condition (5.3.8) for u; shows that

1 b

Cw = —g(u2, Capuy)e?

1 1 1
= —é(uz, gEalu + ifeabm)e“b (5.3.18)

while that for uo with ¢ = —1 gives

1
Cw = g(cabu% Ul)eab

1.1 1
= —g(GeanTuz + S Feapun, ur)e™ (5.3.19)

Taking the difference of these two equations shows that
[Fw] = 0. (5.3.20)
The spinorial equivalent of this expression is
Fuy @ tig + Fug @ U1 +u @ Fug +ug @ Fu; = 0. (5.3.21)
Contracting on u1, we have
(ug,u1)Fuy + (Fug,ui)uy + (Fui,ui)ug = 0. (5.3.22)
Now by (4.1.2), the first term can be rearranged as
(ug,u1)Fur = (Fuq,uy)us + (ue, Fui)uq . (5.3.23)

Substituting into (5.3.22) shows that (Fui,u;) = 0, hence Fu; = —3puu; for some
complex function p (the factor of —3 is for convenience). Similarly, contracting (5.3.21)
on up shows that wus is also an eigenspinor of F with eigenvalue —3u/, say. However,
we must also have

(Fug,u1) = (u2,.7:§u1)
— (us, Fun) (5.3.24)

thus ¢/ = —pu. Substituting this back into (5.3.18) shows that Cw = —2uw. If ¢ and
¢2 are the 2-forms corresponding to u; and ug, then the set {¢1, ¢2,w} is an eigenbasis
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for the space of self-dual 2-forms, with eigenvalues u, p and —2pu respectively, hence
the spacetime must be Petrov type D or else conformally flat.



Chapter 6

Debye Potentials and Symmetry
Operators for Massless Fields

On spacetime, the exterior form of the vacuum Maxwell equations for a 2-form F' are

dF =
IF = 0. (6.1)

They may be written more concisely using the Hodge-de Rham operator (2.4.18) as

dF = 0. (6.2)

In flat space, the vacuum Maxwell equation may be solved by means of a Hertz poten-
tial. The Hertz potential scheme, expressed in exterior form, has been generalised to
arbitrary spacetimes by Cohen and Kegeles [CK74]. To summarise their treatment, a
Hertz potential H is a 2-form chosen so that

AH = dP+dQ (6.3)

where P is an arbitrary 1-form and @ is an arbitrary 3-form. Since A = —(dd* 4 d*d)
we may write (6.3) as

d(dH+P) = —d*(dH+Q). (6.4)
Then the 2-form F' given by

F = d(d*H +dP)
= —d*(dH + d'Q) (6.5)

is closed and co-closed, thus it is a solution of the vacuum Maxwell equation. Unfor-
tunately, the utility of the Hertz potential in arbitrary spacetimes is somewhat limited
since (6.3) is no easier to solve than (6.2). As discussed by Nisbet [Nis55], in flat space
the Hertz potential scheme reduces to the problem of finding a solution of Laplace’s
equation. Given a null shear-free 2-form w and a complex function f satisfying Af = 0,
it can be shown that the 2-form fw is a Hertz potential. The function f is referred to as

86
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a Debye potential. Cohen and Kegeles found that the Debye potential scheme may be
extended to the generalised Goldberg-Sachs class of spacetimes [KT62, RS63], that is,
all algebraically special spacetimes with a repeated principal null direction tangent to a
congruence of null shear-free geodesics. For an appropriate choice of P and @, a Hertz
potential can be constructed by scaling the null 2-form corresponding to the shear-free
RPND by a complex function f satisfying a generalisation of Laplace’s equation.

The vacuum Maxwell equation (6.2) formally resembles the massless Dirac equation.
In fact, it is the massless equation of a spin-1 field. In conformally flat spacetime, a
complex function satisfying the conformally covariant wave equation may be used to
generate a massless field of arbitrary spin by sufficient applications of Penrose’s spin
raising operator [Pen75, PR86b]. The spin-raising operator is an operator constructed
from a twistor which maps a solution of the spin-s massless field equation to a solution
of the spin-(s + %) massless field equation. The spin-0 massless equation for a complex
function f is

Af—é.@f - 0. (6.6)

Functions satisfying this equation may be used to construct Hertz-like potentials in
conformally flat spacetime.

The operation ‘dual’ to spin raising is spin lowering. The spin lowering operator
maps a solution of the spin-s massless field equation to a solution of the spin-(s — %)
massless field equation by contraction with a twistor. In conformally flat spacetime,
repeated applications of spin lowering may be used to generate a solution of (6.6) from
any massless field [PR86b].

Spin raising and lowering is of limited use in non-conformally flat spacetime, as the
integrability conditions for the twistor equation are highly restrictive. In this chapter
we show that in the generalised Goldberg-Sachs class of spacetimes, a generalisation
of spin raising and lowering is possible using shear-free spinors, of which twistors are a
special case. Since shear-free spinors satisfy the twistor equation of a gauged covariant
derivative, when raising or lowering with a shear-free spinor we obtain solutions of a
‘gauged’ massless field equation, where the gauge term is dependent on the gauge terms
of the original spinor field and the shear-free spinor. The solutions are generated from
a function satisfying a generalisation of (6.6) using a ‘gauged’ Laplacian. We will refer
to such functions as ‘Debye potentials’ also.

We will only consider the massless Dirac and vacuum Maxwell fields, since there
are strong algebraic consistency conditions relating massless fields of higher spin to
the conformal curvature [Buch8, Buc62]. In some particular spacetimes, however, it
is possible to find consistent solutions to higher-spin equations. Torres del Castillo
has considered Debye potentials for the spin—% Rarita-Schwinger field in algebraically
special vacuum spacetimes [TdC89b| and in spacetimes which are either algebraically
special solutions of the vacuum Einstein equations or solutions of the Einstein-Maxwell
equations where a principal null direction of the Maxwell field is NSFG [TdC89a].
Cohen and Kegeles have examined Debye potentials for the spin-2 field corresponding
to linearized gravity in algebraically special vacuum spacetimes [CK75, KC79]. It is
hoped that our generalisation of spin raising and lowering will be applicable to higher-
spin fields in more general spacetimes, particularly when the spacetime is not Ricci-flat.
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An important application of spin raising and lowering is the construction of sym-
metry operators which map one solution of the massless field equation to another.
A solution of the spin-s massless field equation is ‘lowered’ with r shear-free spinors
(1 < r < 2s) and then ‘raised’” with r shear-free spinors to obtain a new solution for
the spin-s equation. In this fashion we are able to construct a first-order symmetry
operator for the massless Dirac equation and a second-order symmetry operator for the
vacuum Maxwell equation, by using two shear-free spinors whose gauge terms sum to
zero. If the spinors are both even, they correspond to a self-dual conformal Killing-
Yano 2-form. If the spinors have opposite parity then they can be used to construct a
(complex) conformal Killing vector. In that case, the symmetry operator is related to
the Lie derivative.

We show that the symmetry operator for the massless Dirac operator is R-commuting,
that is, its commutator with the Dirac operator is of the form RD, where R is another
operator. Kamran and McLenaghan have shown that the most general first-order op-
erator which R-commutes with D can be constructed from CKY tensors of all possible
degrees [KM84b]. There is no dependency between the various tensors, so the operator
can be split up into components depending only on one CKY tensor, each of which is
R-commuting on its own. The 0- and 4-form operators are trivial, while the 1- and
3-form operators are related to the Lie derivatives with respect to the corresponding
conformal Killing vectors. Thus the only non-trivial operator is constructed from a
CKY 2-form. This is same as the operator we construct from a pair of even shear-free
spinors.

For the most part, the authors previously mentioned have used the Newman-Penrose
formalism and adapted null bases to facilitate their calculations. While these methods
are very efficient, they are only suitable for the 4-dimensional Lorentzian case. We have
endeavoured to make our calculations basis-independent, which results in an especially
compact notation with minimal use of indices. The main result of this chapter is the
presentation of a symmetry operator for the massless Dirac equation on a manifold
of arbitrary dimension and signature, constructed from a CKY p-form. While the
relationship between CKY 2-forms and Killing spinors in spacetime is well understood,
it is difficult to envision what the spinor equation corresponding to a CKY p-form would
be in higher dimensions.

6.1 Debye potentials for the massless Dirac equation

In this section we show how Debye potentials may be constructed on spacetime for
solutions of the massless Dirac equation of the gauged covariant derivative,

Dy = 0 (6.1.1)

where 1 is a Dirac spinor with an associated gauge term. If the gauge term of v is, say,
gA, then (6.1.1) may be written equivalently as Di) = —q.Av. In this chapter, we will
most often use functions, tensors and spinors whose gauge terms are constant multiples
of the same 1-form A. This constant will be referred to as the charge. Solutions of
(6.1.1) are constructed by raising a charged function f with a shear-free spinor u. The
charge of v must be the sum of the charges of f and u, hence to obtain an uncharged



§6.1 Debye potentials for the massless Dirac equation 89

solution we require that these charges cancel. When differentiating uncharged spinors,
we will drop the ‘hat’ symbol.

Consider a semi-spinor u with gauge term ¢A and a function f with gauge term ¢’ A’.
The corresponding GL(1, C)-curvatures are ¢ and ¢'F’, respectively, where F = dA
and F' = dA’. The spinor v constructed by ‘raising’ f with u is given by

. 1
P = dfu—i—ifDu. (6.1.2)
It has gauge term ¢A+ ¢’ A" and GL(1, C)-curvature ¢F + ¢’ F’. When the gauge terms

of u and f vanish, (6.1.2) is the Penrose spin-raising operator which generates a spin—%
field from a spin-0 field. Acting on 1 with the Dirac operator we have

N . . 1 N 1 -
Do = e ((Vxdut d¥xu+ 5(Tx,)Du+ 379, Du)
. . 1. - 1
= &fu—ddfu+edfVx,u+5dfDu+ 5 D%, (6.1.3)
Now the Laplace-Beltrami operator for Vis A = —(d*d + EiAcZ*), so we see that A f=

(
—d*df, while d*f = fq¢'F' by (4.5.14). As e®df = 2X* 1df — dfe®, equation (6.1.3)

becomes
= A !t 1, a2 < 15
Dy = Afu+ f¢gFu+ §fD u+ 2 chfﬂu — deDu . (6.1.4)

Now suppose that w is shear-free. Then the bracketed term vanishes, and we may use
~2
the integrability condition (5.3.7) to rewrite D u so that

~

~ 1 1_, 4
Dy = Afu+fq’f’u+§f (—3%u+3qfu>

<Af—é9ff>u+f(§q}'+q']:'>u. (6.1.5)

If ﬁw is to be proportional to u, we require that u be an eigenspinor of %q]—" +qF.
Let ¢ = u ® u be the null 2-form corresponding to u. By Lemma 5.3.15, ¢Fu = —3uu
if and only if C'¢ = p¢, which is equivalent to the condition that the NSFG vector field
k = (iu,e®u®) X, is a repeated principal null direction. However, we cannot conclude
that u is also an eigenspinor of ¢/ 7 unless the gauge terms of v and f are related. We
will suppose that ¢’ A" = eqA, from which it follows that ¢’ = eqF. The constant
factor € is inserted so that the gauge term of f vanishes when the gauge term of u
does, since if we have ¢ = 0 but ¢’ # 0 we would know that ¢Fu = 0 but we could not
conclude that ¢’ F'u = 0.

Theorem 6.1.6 Given a shear-free spinor u with charge q, corresponding to a repeated
principal null direction, and a complex function f with charge eq, the spinor

Y = cifqu%fﬁu (6.1.7)
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satisfies

~ A | .

Dy — (Af—ﬁ%f—(3e+2)uf>u (6.1.8)
where p is the eigenvalue of the 2-form corresponding to u.

Proof. With ¢ 7' = eqF, equation (6.1.5) becomes
N A 1 2
Dy = (Af—6,%f>u+ <e+3) fqFu. (6.1.9)

Since the null shear-free geodesic k = (iu, e®u®) X, is aligned with a repeated principal
null direction, the null 2-form ¢ = u ® @ is an eigenvector of the conformal tensor. If
the eigenvalue of ¢ is u, by Lemma 5.3.15 we have ¢Fu = —3pu, so

Dy = (Af—é.@?f—(3e+2)uf>u. (6.1.10)

A spacetime is in the generalised Goldberg-Sachs class if it admits a congruence
of null shear-free geodesics aligned with a repeated principal null direction. Theorem
6.1.6 shows that we can solve the massless Dirac equation (with charge g(e+1)) in such
a spacetime by finding a solution of the complex scalar equation

Af—éf%f = (3e+2)uf. (6.1.11)

We will refer to a function satisfying (6.1.11) as a generalised Debye potential. Although
the Laplacian A contains additional gauge terms, they can be expressed using a suitably
adapted basis, while y is simply the eigenvalue of the null 2-form corresponding to
the shear-free RPND. If we wish to find an uncharged solution of the massless Dirac
equation (as would normally be the case) then we require that u and f have opposite
charges, that is, e = —1. Finally, if ¢ = 0, u is simply a twistor. In that case f also has
zero charge, and the eigenvalue p of ¢ is zero so (6.1.11) reduces to (6.6).

6.2 Spin lowering with a shear-free spinor

In this section we show how to construct a solution of (6.1.11) by contracting a solution
of the massless Dirac equation with a shear-free spinor. Let w and v be spinors with
gauge terms g A and ¢’ A’, respectively. Since we require that V be compatible with the
inner product, we have

Vx(u,¢) = (Vxu,¥)+ (u, Vx1))
= (Vxu,¥) + (u, Vx¥) + (gA + ¢ A)(X)(u, ¥) (6.2.1)
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so the function f = (u,1) has gauge term ¢A+ ¢ A’. The action of the gauged Laplace-
Beltrami operator on f is

Af = Vx,Vxof —Vv,xaf (6.2.2)
hence

Af = (Vx,Vxeu—Vy,xou,¥) + 2(Vxau, Vx, )
+ (v, Vx,Vxat) = Vy, xa1))
= (V?u,9) + 2(Vxau, Vx, 1) + (u, V3) (6.2.3)

where V2 is the trace of the Hessian of V. The square of the Dirac operator on a spinor
with charge ¢ is related to V2 by

D = V2 — i%q/; + qFY (6.2.4)
thus
Af = (Du+ i%u — qFu, ) 4 2(V xau, Vx, 1)
+ (u, D+ i Do — ¢ Flap). (6.2.5)

Finally, since (u, F'1)) = —(F'u, 1) we have

~

Af = S 9w y)+(0'ud) - (6F — ¢ Fu)
+2(V xou, Vi, 00) + (u, D). (6.2.6)

To go further we must suppose that u is shear-free. Note that in that case u is a
semi-spinor, so only the component of 1 with the same parity as u contributes to f.
If u is shear-free then

. . 1
(vXau7 vxa¢) = Z(eaDU7 VXa/llz))
1 -
= (Du,Dy). (6.2.7)

Using (6.2.7), and replacing D’u via (5.3.7), equation (6.2.6) becomes
A 1 _
1 ~ = ~
+ 5 (Du, Dy) + (1, D)
1 1 ~ = )
= 5 Z2f+(GeF +dF)uv) + 5(Du, DY) + (u, D). (6.28)

For f to be a generalised Debye potential, we require that v be an eigenspinor of
%q}' +¢'F'. As in §6.1, we will suppose that the gauge terms of ¢ and u are related
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by ¢’ A’ = eqA, and that u corresponds to a repeated principal null direction.

Theorem 6.2.9 Given a shear-free spinor u with charge q, corresponding to a repeated
principal null direction, and a spinor v with charge eq, the function

F=(u,0) (6.2.10)

satisfies

Af—-2Pf = —(36+1)/Lf+%(f)u,f)1/1)+(u,f)Q@Z)) (6.2.11)

[ N

where v is the eigenvector of the 2-form corresponding to u.

Proof. Equation (6.2.8) with ¢’ 7' = ¢qF becomes

Af = —Zf+(e+3)(qFu,v)

~

~ ~2
+ =(Du,Dv) + (u, D 9). (6.2.12)
Since u corresponds to a repeated principal null direction, the 2-form ¢ = u ® @ is
an eigenvector of the conformal tensor. If C'¢ = p¢ then by Lemma 5.3.15 we have
qFu = —3pu. Substituting this into (6.2.12) shows that
~2

Af—%,@f = —(3e+1)uf+%(15u,13w)+(u,D ¥). (6.2.13)

So if 1 satisfies the massless Dirac equation we can construct a function satisfying
an equation of the same form as (6.1.11). In order for f to satisfy (6.1.11) precisely,
it must have the same gauge term, and the eigenvalue p appearing in (6.2.11) must be
the same as that in (6.1.8). For this we require a second shear-free spinor with gauge
term —q.A, that is, opposite charge to u.

6.3 Symmetry operators for the massless Dirac equation

In this section we show how a symmetry operator for the massless Dirac equation
(without charge) can be constructed from a pair of shear-free spinors with opposite
charges, corresponding to a CKY 2-form. We also show how the symmetry operator
can be written in terms of the CKY 2-form, and hence generalised to an operator
constructed from a CKY p-form which R-commutes with the Dirac operator in all
dimensions and signatures. Part of this work has appeared in [Cha96] and [BC97].

Consider a pair of even shear-free spinors u; and uge with charges +1 and —1 re-
spectively (that is, gauge terms A and —A). In Chapter 5 we showed that this is the
case if and only if the 2-form w given by

1
w = 5 (’U,l R uUg + ug ® ’17,1) (6.3.1)
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is a self-dual CKY 2-form. It follows that the null 2-forms ¢1 = u1 ®uq and ¢o = uoug
are eigenvectors of the conformal tensor with the same eigenvalue. Thus uy and us each
correspond to a repeated principal null direction. At this point, we need not assume
that u; and w9 are linearly independent, and so w may be null or non-null. Recall that
if u; and ue are dependent, then A vanishes and C¢; = Cw = 0. Now let ) be an
uncharged spinor. If the eigenvalue of ¢ (and ¢2) is p, then by Theorem 6.2.9 with
g =1 and € = 0, the function f = (u1,1) has charge +1 and satisfies

Af =g = —pf +5(Bur, DY)+ (w,D%) (6.3.2)

Naturally, if u; and us are dependent then p = 0. Let ¢’ be the spinor obtained by
raising f with ug, that is

W = dfuz+%ff)uz (6.3.3)

by (6.1.2). Since f and ug have opposite charge, ¢’ is uncharged. Then by Theorem
6.1.6 with ¢ = —1 and e = —1,

D' = (Bf =g+t )us

_ (;(f)ul, D) + (u1, D%p)) U (6.3.4)

by (6.3.2). Clearly if 1 is a solution of the massless Dirac equation then so is ¢, thus the
existence of a self-dual CKY 2-form allows us to construct new solutions of the massless
Dirac equation from old ones. We can express this construction as an operator on the
space of spinors which may be written using the CKY tensor corresponding to uw; and
us. The covariant derivative V is compatible with the spinor inner product, so

df = ((Vxan,0)+ (0, Vx,0)) e

= (Gleadur ) + (wr, V) e (6.3.5)

Thus v’ may be written using u; and usy as

~

1, =~ 1
Y = (u1,Vx,¥)e us + Z(eaDul, )etug + §(u1, ¥)Dugy . (6.3.6)
Writing (6.3.6) using tensor notation, we have

1 —_— 1
v = (eauQ ®@uVx, + ZeauQ ® e, Duy + §Du2 ® U1> ). (6.3.7)

As uy is even and ﬁul is odd, e%us ® eaﬁul = 2]5u1 ® o and so finally

1~ 1~
Qp/ = (eau2 ®uVx, + §Du1 X ug + §Du2 ® u1> (1 (6.3.8)
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Now we will write ¢’ in terms of w only.
The tensor product us ® % is an even form which can be expressed as

L g, w03 (6.3.9)

- u17u2)+w+4

U @ up = 4(

The derivative terms in (6.3.8) can be recognised by acting on w with the Hodge-de
Rham operator,

dv = dw—d*w
1 [— [—
= (VXGM ® Ug + U ® VXauz + VXauz ® Uy + Uz ® anul>

1
Dui ® ug + e Ul Q eaDu2 + Duz ® u1 + 46 Us & eaDu1>

2
: (7
2
1/~
5 <DU1®UQ—|— DUQ®’LL1 —|—D’LL2®U1 + D’LL1 ®U2>
3

= 1 (Du1 ® U9 + DUQ ® ﬂl) . (6.3.10)
Equations (6.3.9) and (6.3.10) allow us to write (6.3.8) as

/ a 2 2 * 1 1 .

o= e wVXa—i-gdw—gd w+1(u1,u2)D—1(u1,u2)zD .

Now equation (6.3.4) shows that if Dy = 0 then Dt = 0. Since in that case the last
two terms in the above expression vanish we must have

2 2
D ((amvxa + gdw — 3d*w> ¢) =0 (6.3.11)
whenever Dy = 0. So the operator K, on spinors defined by
2 2
K, = e'wVyx, + gdw - gd w (6.3.12)

is a symmetry operator for the massless Dirac equation whenever w is a self-dual CKY
2-form. Because of the self-duality of w, K, annihilates odd spinors. However, we
could just have easily used the charge conjugates of u; and us to construct the complex
conjugate w of w, which is an anti self-dual CKY 2-form. Then K is a symmetry
operator which annihilates even spinors.

While w in (6.3.12) is specifically a self-dual CKY 2-form, it is possible to generalise
K, to a symmetry operator for the massless Dirac equation in all dimensions and sig-
natures provided only that w is a p-form satisfying the conformal Killing-Yano equation
(5.1.1).

Theorem 6.3.13 Let w be a conformal Killing-Yano p-form on an n-dimensional
pseudo-Riemannian manifold. Then the operator K, on spinors defined by

p n—pP
K, = e dw — d 3.14
ewVXa+p+1w p——— w (6.3.14)
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18 a symmelry operator for the equation Dy = 0, with

(=1)” =7 .
DK, = (wD+ dw+ ————dw|D. (6.3.15)
p+1 n—p-+1

Proof. Consider an arbitrary spinor 1. The only non-trivial calculation to be carried
out in DK 9 is the derivative of the first term in (6.3.14). Now

D (ebwvxbw) = ¢ (anebwvxbw + ebVXawVsz/J + ebwvxavxbw) .

By (4.3.6), the metric-compatibility of V implies that

Vx,lwVx,h = —etwVy,x,1. (6.3.16)
Thus
D (ebwvxbw) = e%bw (Vx,Vx, —Vv.x,) ¥
+ eV, wVx, 1. (6.3.17)

As e%? = ™+ g% the first term in (6.3.17) can be written using the curvature 2-forms
and the trace of the Hessian, as

eePw (Vx,Vx, —Vv.x,)¥ = e®w (Vx,Vx, —Vv.x,) ¥+ wV%
1
= 5e%R(XCL, Xp)h + wV

1
= Ze“waabw +wV3. (6.3.18)

By the ‘pairwise symmetry’ (2.4.7) of the curvature forms and using (6.2.4) and (2.4.20)
this expression becomes

1 1
e (Vx, Vx, = Vo) ¥ = 3Rawe™ +w (D2 + 570
= (VQw - Aw) ¥+ wD?i. (6.3.19)

As w is a CKY tensor, we can use the integrability condition (5.1.2) to write (6.3.19)
using d*dw and dd*w.

e"ew (Vx,Vx, — V.x,) ¥

1 1
= (ddw + dd'w — ——d'dw — —————dd* D?
( w + dd'w P w p—— w>¢+w )
p * n—p * 2
= (——d%w+ ——=—dd D21 . 6.3.20
(p+1 w+n—p—|—1 w)w—l—w P ( )

With the Clifford relation e®e® = 2g% — ebe?, the second term in (6.3.17) becomes

eV, wVx, 1 = 2VywVx, b — tdwVx, v
= 2V wVx, ¥ — PduVx, v + Pd*wVx, ¢ . (6.3.21)
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Now we apply the Clifford form of the CKY equation (5.1.1) to obtain

eaebvxawvxbw = { (ebdw—i-(—l)pdweb)

p+1

1 b % Pk b
_m(e d'w— (-1) dwe)}vxbw
— PdwV x, 1 + L d* WV x,1b

P » n—p »
= - dwV TP
10—1—16 v X”w+n—p+1e

LDy Dy + V" Dy (6.3.22)
—aw —a W . .O.
p+1 n—p+1

dwV x, 1

Combining (6.3.20) and (6.3.22) we have

b _ 2 (“DP (-nr
D(ewvxb¢) = WD DY+ T d WDy
+?d*d wip — ebdwvxb¢
p * n—p *
+7dd W+ —— e e dwVx, . (6.3.23)

- p+1

The derivatives of the remaining terms of K, are

D (dwp) = (ddw)ih + eldwV x,

= —d'dwyp + PdwV x, 1 (6.3.24)
D (dwy) = (ddW)y + e’d'wVx,
dd'wip 4 b dwV x, 1 (6.3.25)
from which it is clear that (6.3.15) follows. m

Clearly K, is a symmetry operator for the massless Dirac operator. As the dual of
a CKY tensor is a CKY tensor, the operator K,, must also be a symmetry operator.
Since *w has degree (n — p),

n—p p
Ky, = e"*wV ——d¥w — ——d" 6.3.26
w e xw X“+n—p+1 kW ] kW . ( )

By (2.2.7), the Hodge dual of a p-form can be expressed in Clifford form as
w = (=1)P2lyz, (6.3.27)
It follows that the derivative and co-derivative of xw are

drw = —(=1)P2gw; (6.3.28)
dvw = —(=1)P2dwz. (6.3.29)
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Since V is metric-compatible, it commutes with z so K, is related to K, by
K = (—)PRK, 2. (6.3.30)
In even dimensions the volume form z anti-commutes with odd forms, thus
wz = (=1)Pzw (n even). (6.3.31)
Then
K., = —(—D)PR(—1)P2K, (n even). (6.3.32)
In odd dimensions the volume form commutes with everything, so
Ko = (—D)P2zK, (nodd). (6.3.33)
We can easily show that K, is an R-commuting operator for D, since by (6.3.15),

1) _1)P _
(W =p, (D tn—p
p+1 n—p+1

[D,K,] = <wD —e"wVx, + d*w)D. (6.3.34)

With some additional constraints on w, it is possible to construct operators similar to
K, which commute or anti-commute with D, and so are symmetry operators for the
massive Dirac equation. Now

[D,wD] = (dw+ e*wVyx, —wD)D
= (dw—dw+e’wVyx, —wD)D (6.3.35)
so we can write (6.3.34) as

14+ (=1)P —(=1)P
+ (-1 1-(=D)
p+1 n—p+1

DK, - ( d*w)D—[D,wD]. (6.3.36)

Thus if we define a new operator L], by

1
L = 3 (K, + wD) (6.3.37)
we have
1 .
———dwD if w even
p+1
D, L] = (6.3.38)
~ b pD ifw odd,
n—p+1

From (6.3.38) it is clear that L commutes with D when either
(1) wis an odd co-closed CKY tensor (an odd KY tensor); or

(2) wis an even closed CKY tensor (the Hodge dual of a KY tensor).
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An operator which commutes with D is a symmetry operator for the massive Dirac
equation. Recall that if dw = 0 then w is a Killing-Yano (KY) tensor. In even
dimensions, we can always construct an operator commuting with D from a Killing-
Yano tensor w, either L} if w is odd, or L], if w is even, since the degree of xw is
(n — p). In odd dimensions we cannot construct a commuting operator from an even
Killing-Yano tensor in this way since the dual of an even KY tensor is an odd closed
CKY tensor. However, we will show that we can construct an anti-commuting operator
from an even KY tensor.

We make the observation that for a 1-form w the operator L} is related to the Lie
derivative with respect to the (metric) dual of w and an appropriate conformal weight.
The Lie derivative of a spinor with respect to a conformal Killing vector K is defined
by

1
T = Vg + ZdKW;. (6.3.39)
Putting w = K” and p = 1 into (6.3.37),
1
L;bw - 9

1 1 1 1
— Vgt — KDY+ ~dK*) — L@ K e + KD
2 4 o 2

1

1 - 1
KV x b+ ~dK) — K ) + ~ K Dep
Ty o 2

n —

1 * b
o K0 (6.3.40)

= Yy —

Similarly, if w = *K” for a vector K then in odd dimensions (6.3.33) shows that

n—1

L:Kb = z(.i/f(—

d*Kb> (n odd) (6.3.41)

n
whereas in even dimensions (6.3.32) shows that

n —

1
5 d*'K° — KbD> (n even). (6.3.42)
n

Lo = #(Zic-

When K is a conformal Killing vector (that is, K is a CKY 1-form), by (6.3.38)
we have the well-known result (see, for example, [BT87])

D,L%,] = [D, Zi — (n—1)/(20)d'K’]

1
= ——d'K’D. (6.3.43)
n

A conformal Killing vector is usually defined as satisfying . %% ¢ = 2\g for some function
A. It can then be shown that d*K” = —n\ and so (6.3.43) may be written as

D, Z%k +3(n—1)A] = AD. (6.3.44)

If A =0 (and hence d*K = 0) then K is a Killing vector, in which case L;;b commutes

with D and L}, = Z%. Note that LT, only commutes with D in odd dimensions.
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Let L, be an operator on spinors define d by

1
L; = 5(K,—wD). (6.3.45)
A similar calculation to that carried out in equations (6.3.34) to (6.3.38) shows that
the anti-commutator {D, L} is

¥d*wD if w even
n—p+1

{D,L;} = (6.3.46)
=L gD if w odd.
p+1

Then L, anti-commutes with D when either
(1) w is an even co-closed CKY tensor (an even KY tensor); or
(2) w is an odd closed CKY tensor (the Hodge dual of a KY tensor).

In odd dimensions we cannot construct an anti-commuting operator from an odd KY
tensor w since *w is an even closed CKY tensor. However, we have shown that L},
commutes with D in that case.

In even dimensions we can always construct an anti-commuting operator from a
KY tensor w, since either w is even or *w is an odd closed CKY tensor. As the volume
form z anti-commutes with D, the anti-commutator in (6.3.46) can be changed into a
commutator if L is multiplied by z, since

[D,zL,] = —z{D,L,}. (6.3.47)
Then
1 .
—d'wzD if weven
n—p+1
D,2L;] = (6.3.48)
de zD if w odd.
p+1

The operators L, and L} are related by

Ly, = —(-)P2Ark, - (-1)P202D
= —(—)(ypek, — (1)l (—1)P2wD
- _(_1)Lp/2J(_1)sz$‘ (6.3.49)

Thus for a vector K,

- A
L = 2l

] 1
— (J;; - ”2n d*Kb) . (6.3.50)
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As *K” is an odd form of degree (n — 1), the anti-commutator (6.3.46) becomes
{D,L".,} = LickD
» KD - n
1
= —d'K’zD (6.3.51)
n
when K is conformal Killing. The commutator (6.3.48) becomes

[D,zL ] = —%d*K"zQD (6.3.52)
where 22 is given by (2.3.5).

In 4-dimensional Lorentzian space-time, Kamran and McLenaghan [KM84b| have
found that the most general first-order operator L (up to a trivial symmetry operator of
the form RD) which R-commutes with D can be constructed from a conformal Killing
vector, a CKY 2-form and a CKY 3-form. As a CKY 3-form is the Hodge dual of a
CKY 1-form, L may be written using a pair of conformal Killing vectors K; and Ky
and a CKY 2-form w as

L = ¢ +L;; +zL, —i—L:’Kg + coz

3 -
= ¢+ (J’Kl — gd K?) + 2L,

3
+ 2 (;%(2 — gol*Kg — K5D> + oz (6.3.53)

where ¢; and ¢y are constants. Then
1o, 1 1,

It would be interesting to know if the most general first-order symmetry operators for
other dimensions and signatures are obtained in this way from CKY tensors.

We have chosen to write L in such a way that it commutes with D when K is a
Killing vector, w is a KY 2-form, and xK3 is a KY 3-form (note that Ko is not a Killing
vector). If these conditions hold then McLenaghan and Spindel [MS79] have shown
that L is the most general first-order operator commuting with D. For a KY 2-form w,
the operator zL_ commutes with the Dirac operator, and so is a symmetry operator
for the massive Dirac equation. This was first observed by Carter and McLenaghan,
who interpreted zL_ as a generalised total angular momentum operator[CM79]. The
existence of a KY 2-form accounts for the separability of the Dirac equation in Kerr
spacetime. The separated solutions appear as eigenvectors of the symmetry operator,
with separation constants given by the eigenvalues [KM84a]. A comprehensive review of
separation of variables in general relativity may be found in [KMW92b]. The existence
of a KY 2-form in the Kerr solution also gives rise to the conserved quantity known
as Carter’s constant, which has been called the ‘total angular momentum’ of a test
particle in a geodesic orbit [Car68]. The spinorial equivalent of a KY 2-form is a
Killing spinor satisfying an additional skew-Hermiticity condition [CM79]. Using a
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Killing spinor, Torres del Castillo [TdC85] independently found the symmetry operator
of Kamran and McLenaghan [KM84b], and also a second-order symmetry operator for
the vacuum Maxwell equation. We will examine symmetry operators for the vacuum
Maxwell equation in §6.6.

6.4 Debye potentials for vacuum Maxwell fields

In this section we show how solutions of the vacuum Maxwell equation (6.2) are obtained
from solutions of the massless Dirac equation (6.1.1) and the generalised Debye scalar
equation (6.1.11) by spin-raising with shear-free spinors.

Theorem 6.4.1 For an even shear-free spinor u with charge q and an odd spinor ¥
with charge —q, the form F given by

= 1~ _ 1 -
F = e“u®VXaw+§Du®w+§1/z®Du (6.4.2)
satisfies
1~ = ~2
dF = SDy®Du+us Dy . (6.4.3)

Proof. As the charges of u and ¢ sum to zero, F' is uncharged. Acting on F’ with the
Hodge-de Rham operator we obtain

—_ A~ — < =~ 1/\ o~ —
dF = ¢° <quebu ® Vx, 9+ ebvxau ® Vx, ¥+ u® Vx,Vx,¢+ §VXaDu® Y

1~ = 1~ = 1 = =
+ 5Du ® Vx, ¢ +§vxa¢; ® Du + §¢ ® Vx,Du ) . (6.4.4)

Now by (4.3.6), the first term becomes
eV, eu® @ngb = —eu® §VaXb¢ . (6.4.5)

For the second term,

eVx u® Vb = (2g“b — ebe“) Vx,u® Vx, i

= 2Vxeu® Vi, — e Du® Vx, 1. (6.4.6)

Thus

—— = . 1 -
AF = eetu® (vxavxbw - vvaxbw) 12 (vxau - 46“Du) ® Vx, i

1+ -1 == 1x ——
+§D2u®w+§eaw®vanu+§D¢®Du

= e%tu® (§XG§XZ,¢ - ﬁvaXﬂﬂ)

lao - 1 S
+ 5D2u ® ¥+ 5" ® Vx,Du+ 3Dy ® Du (6.4.7)
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since u is shear-free. As e%e? = ¢® + g% the first term in (6.4.7) can be written using
the curvature operator of V and the trace of the Hessian.

e®e’u ® (§Xa§xb¢ — ﬁvawa)
= ®u® (@Xaﬁxbi/) — @vaxbiﬁ) +u® (ﬁxaﬁxaw - @vaxﬂb)

1 = -
- 56% ® R(Xa, Xp) +u® V2. (6.4.8)

The curvature of V is related to the curvature forms of V by (5.3.3), while V2 is related
to the square of the Dirac operator by (6.2.4). The ‘pairwise symmetry’ of Ry, then
allows us to take Ry, through the tensor product in order to act on u. So we have

e%ebu ® (@Xa§xb1/} - @vaxlﬂﬂ)
= }@u®ﬁﬁif%w“u@iﬁﬁijf$+u®52§
+%9f7u®1z+qu®f71/}
= %Rabu@)m—qfu@l/;—i-u@ﬂ—ki;@?u@lﬁ—i—qu@ﬁ. (6.4.9)

Applying the integrability condition (5.3.5) for u eliminates the curvature forms,

e®eu ® (@Xaﬁxbw - @vaxbib)
= éebﬁxaf)w@W— éeaﬁxbﬁw@m- %quJXaJ}"uéém
—qfu@&—i—u@ﬂ—l—i@u@@—&—qu@ﬁ
= —iea§xbﬁu®W— qfu@?ﬁ%—u@ﬂ—i— %%u@vﬁ (6.4.10)

Replacing e® in the first term with e®e® — g® produces

e®e’u ® (ﬁXaﬁwa — §Vawa)

l2 - 1 ~ ~ —
= ffu®¢—Z%V&DU®W&¢

_ ) 1 . _
—qFu®Y+u®D w+1%u®¢. (6.4.11)
As @Xbﬁu is odd and et is even,
ea§be)u ®etedyy = 2ePY @ @Xbﬁu (6.4.12)

so finally

e®e’u @ (6Xa ﬁx,ﬂ/) - ﬁvaXﬂ’)
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1 _ 1 ~—— _
- ZDQU @1~ 3¢ ® Vx,Du— gFu®
=9 1 _
tueDY+ LY. (6.4.13)
Then (6.4.7) and (6.4.13) give

~ _ - 1 -
dF = D2u®w—qfu®¢+z,9?u®w

>

1~ = ~2
+ 5sz®Du+u®D2¢. (6.4.14)
The first three terms vanish by the integrability condition (5.3.7), hence

1~ = ~2
AF = §D¢®Du+u®D2@Z). (6.4.15)

When ¢ = 0, u is a twistor and (6.4.2) is the Penrose spin-raising operator which
generates a spin-1 field from a spin—% field. Clearly F satisfies (6.1) if ﬁw = 0, but
in general F' is a mixture of 0-, 2- and 4-form components since it is not a symmetric
combination of spinors. We can show that the 0- and 4-form components vanish when
Dy = 0.

Corollary 6.4.16 When ]3¢ = 0, F is an anti self-dual solution of the vacuum
Mazwell equation.

Proof. We need only verify that F' is a 2-form when ]3@& = 0, that is, that F' is

symmetric as a tensor product. The only non-symmetric term in F' is e*u ® v x, 0.
This may be expressed in exterior form as

= 1 - 1 N T
u@Vx,p = _Z( “u, Vx, ) — g(eaua eV x, 1) + Z(ea% Vx, )z
1~ 1 ~ 1
= —Z(U,D@D) - g( “u, €4V x, P)e" + Z(u, D)z (6.4.17)

so F'is a 2-form when ]5¢ =0. Then F¢ = —F, hence
*F' = —Fz
_ 1. 1 —
= i <eau®évxa¢)—l— §Du®éd)+ 21/J®73Du)
= —iF (6.4.18)

since ¥ and Du are odd. It follows that F is anti self-dual. Finally, Theorem 6.4.1
shows that F' is a solution of the vacuum Maxwell equation. [

In §6.1 we showed how a solution of the massless Dirac equation (6.1.1) can be
constructed from a generalised Debye potential and a shear-free spinor. Given a second
shear-free spinor (with appropriate gauge term), Theorem 6.4.1 tells us how to construct
a solution of the vacuum Maxwell equation. Thus using a pair of shear-free spinors it
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is possible to construct a solution of the vacuum Maxwell equation from a generalised
Debye potential. Such a pair of spinors corresponds to a shear-free 2-form.

Let u; and us be a pair of even shear-free spinors with gauge terms ¢1.4; and g2 As,
respectively, and let f be a function with gauge term — (¢1.41 + ¢2.A2), so that the sum
of the gauge terms of f, u; and ug vanishes. Let the corresponding GL(1,C)-curvatures
be ¢1F1 and ¢oFs, where ¢;F; = dA;. The spinor ¥ constructed from f and u; via
(6.1.2) is

o= dfui+ %fﬁul . (6.4.19)

It is an odd spinor with gauge term —go2.49, that is, opposite charge to us. Let F' be
the exterior form constructed from v and ug as in (6.4.2). Then by (6.4.19),

S — 1 —
F = eus® VXadful + ifeaUQ &® vXaDul

+ %dful ®157uz+ %szw ®]57u1+ %ﬁul ®%+ %ﬁw ®CZfU1
+ if (Dur © Dus + Dus @ Duy ). (6.4.20)
Since 1 and uy have opposite charge, Theorem 6.4.1 shows that
AF = %ﬁw@@ﬁTﬁW 2D (6.4.21)
This can be written more compactly as
AP = Vx, (u2©Dy) e (6.4.22)

By (6.1.5) with ¢ 7' = — (q1F1 + ¢2F2), the action of the Dirac operator on ) is

~ ~ 1 1
Dy = (Af ~ % u/f) uy — f (3(]1.7:1 + QQfQ) Uy - (6.4.23)

We require that u; be an eigenspinor of %qlfl + g2 F2. Suppose that u; and us both
correspond to RPND’s. If u; and us are proportional then they correspond to the same
RPND, and hence to the same null 2-form. If they are independent then the spacetime
must be type D, and the independent null 2-forms corresponding to u; and us must
have the same eigenvalue. In either case, Lemma 5.3.15 shows that if

¢;i = u;®u; (nosum) (6.4.24)
and

C¢i = pg;i (nosum) (6.4.25)
then

¢ Fiu; = —3pu; (no sum). (6.4.26)
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It can also be shown that uq is an an eigenspinor of ¢o2F2, however the eigenvalue
depends on whether or not u and us are proportional.
The self-dual shear-free 2-form w corresponding to u; and wug is given by (6.3.1).
This can be written in exterior form as
1 b

w = —=(u,eqpuz)e’

. (6.4.27)

If w1 and uo are proportional, w is null and has one real eigenvector. If they are in-
dependent, w is non-null and has two independent real eigenvectors. We will consider
these possibilities as separate cases.

Case 1: us = e®uj. If us = e"uy where k is a complex function then ¢;.4; and
g2 A only differ by an exact form:

aA — Ay = dk, (6.4.28)
so g1 F1 = ¢ F2. Then we have

@Four = —3pu (6.4.29)
@ Fiug = —3puz. (6.4.30)

Also, w = e"¢1 so w is an eigenvector of the conformal tensor with eigenvalue u. Let
Ao denote the eigenvalue of w. Then from (6.4.23) and (6.4.29) we have

Dy = (Af—é,%f—i—zuwf)ul. (6.4.31)

Case 2: ug # euy. If u; and usg are independent then the spacetime must be type
D. Then {¢1, ¢2,w} is an eigenbasis for the space of self-dual 2-forms. Since ¢, and ¢9
both have eigenvalue p, the eigenvalue A, of w must be —2p since the conformal tensor
is trace-free. Now

1
Cw = —g(ul,Cabug)eab. (6.4.32)

Using (5.3.13) we may write this in terms of g2 Fs.

1/1 1
Cw = ~3 (G(UlaeabQQ]:2U2) + 2(’dh¢]2f2eabu2)) e
1 1 1 ab
= -3 _§’u(ul’ Cabta) — 5(6]2]:21&17 eapu2) | €. (6.4.33)
Then since Cw = —2uw we must have

@pFaul @ s + us ® @eFou; = 3u (ul X U + us X ﬂl) . (6.4.34)
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Since u; and usy are independent, their inner product is non-zero. Contracting with wu;
we have

(u1,u2)q2Faur — (@eFout,ur)ug = 3p(uy, ug)u . (6.4.35)
Contracting again with u; shows that
(w1, u2)(g2F2ur,u1) = 0 (6.4.36)
hence g Fou1 = Auy for some complex function A. Now
(@2Four,u2) = —(u1,qF2u2) (6.4.37)
therefore \ = 3u, that is,
@Four = 3uui. (6.4.38)

Now Cw can also be written as

1
Cw = g(Cabul, up)e (6.4.39)

so we can also relate Cw to ¢1F1. A similar calculation to the above shows that
g Fiuz = 3uusg. (6.4.40)

With A\, = —2u, from (6.4.23) and (6.4.38) we have

~

Dy = (Af—é:é?erAwf)ul. (6.4.41)

Although the numerical factors in (6.4.31) and (6.4.41) are different, they are related
to the number m,, of independent real eigenvectors of w. If u; and uy are proportional
then m,, = 1, otherwise m,, = 2. Inserting a factor of 1/m2 into (6.4.31) and (6.4.41),
we are able to summarise the result of applying (6.4.31) or (6.4.41) to (6.4.22) as

A 1 4\, _
dF = VXa ((Af - 6 %f + Tan> Uy & Ul) e®. (6442)
So if f satisfies
. 1 4\
_Zgpf = _ ¥ 4.4
Af-caf = -2 (6.4.43)

w

then dF = 0 and ]5@[} = 0, and Corollary 6.4.16 shows that F'is a solution of the vacuum
Maxwell equation.

In [BCK97], the authors show that a Hertz potential may be found by scaling a self-
dual shear-free 2-form by a generalised Debye potential having the opposite charge. It
is also necessary that the eigenvectors of the shear-free 2-form be RPND’s. By writing
F' in terms of w we can see that the same objective is achieved by spin-raising with
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shear-free spinors. A lengthy calculation shows that F' can be expressed in terms of w
as

F = d(d*(fw) - ?)fcf*w) + d* (gfdw — d(fw))
1

~ 1 .
+ 3 (m,m) (1-2) (Af— 69?f—2uf>. (6.4.44)

Now in [BCK97] it is demonstrated that if f satisfies (6.4.43) then
* 2 J% * 2,
d(d (fw) — §fd w) = d <3fdw - d(fw)) . (6.4.45)

Comparing this with (6.4), it is clear that fw is a Hertz potential. Furthermore, the
last term in (6.4.44) must vanish. To see this, first suppose that w has only one real
eigenvector. Then uy is proportional to uj, in which case (uj,uz) = 0. On the other
hand, if w has two real eigenvectors then —2u = 4\, /m? so the last term vanishes by
(6.4.43). Then

F = 2d(d*(fw)—§fd*w)
_ 2d*<§fdw—d(fw)>. (6.4.46)

Since F' is closed and co-closed, it is a solution of the vacuum Maxwell equation.

6.5 Debye potentials from vacuum Maxwell fields via spin-
lowering

In §6.2 we showed that a Debye potential for the massless Dirac equation may be
generated by lowering a solution of (6.1.1) with a shear-free spinor corresponding to a
RPND. In a similar fashion, a solution of the vacuum Maxwell equation can be lowered

to produce a solution of (6.1.1). Given another shear-free spinor, we can lower again
to produce a generalised Debye potential satisfying (6.4.43).

Theorem 6.5.1 Given a shear-free spinor u and a 2-form F, the spinor ¥ = Fu
satisfies

Dy = dFu. (6.5.2)

Proof. Acting on ¢ with the Dirac operator gives

~

Dy = eV, Fu+eFVx,u
1 .
= dFu-+ ze“FeaDu . (6.5.3)

Since F' is a 2-form, e*Fe, = 0 and the result follows. [

Theorem 6.5.1 shows that if F' is a solution of the vacuum Maxwell equation then
1 is a solution of (6.1.1). Furthermore, 9 is uncharged if u is a twistor. In that case,
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the action of u on F' corresponds to the Penrose spin-lowering operator which takes a
spin-1 field to a spin—% field.

Since u is a semi-spinor only the self-dual or anti self-dual part of F' is relevant. To
see this, let 2u = eu where € = +1. If F'™ and F~ are the self-dual and anti self-dual
parts of F', then we observe that

*Fu = i(Ft —F )u (6.5.4)
but also
«Fu = —iF$3u
= ieFu
ie(Ft + F 7 )u. (6.5.5)

Soif e=1then F-u =0, or if e = —1 then FTu = 0.

Now suppose that we have a pair of even shear-free spinors u; and ug as in §6.4,
both corresponding to RPND’s. Let ¢ = Fuj. Now v has gauge term ¢1.41, and by
Theorem 6.5.1, f)w = dFuy. If we use ug to lower v, we obtain the function

fo= (uw,v)
= (’LLQ,FUl) (656)

which has gauge term ¢1.4; + g2.A2. Then by (6.2.8) with ¢F = ¢uF2 and ¢ F' = 1. F1,
A 1 e 1 Eay Eay ~2
ANf— 6 Zf = (3@F2+aFi)u,¥) + §(DU2, Dv) + (uz,D"4).  (6.5.7)

Let w be the shear-free 2-form corresponding to u; and ug as in (6.4.27). From equations
(6.4.26), (6.4.30) and (6.4.40) it can be seen that

1 4\,
<3Q2]:2 + C]17:1> ug = ——5 U (6.5.8)

w

where Cw = A, w and m,, is the number of independent real eigenvectors of w. Since
Dy = dFuy,

]52¢ = FFuy + " dFVx, uy

1 .
= AFu + zeadFeaDm
| EEPN 1 N
= AFu; + idFDUI -+ id*FDul . (659)

Hence

e

2
L)

f+ (UQ, AFUl)

1 ~ 1 ~
+ §(DU2, dFul) + i(Dul, dF'LLQ)
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1 ~ 1 ~
- i(DuQ,d*Ful) — g(Dul,d*FuQ). (6.5.10)

Clearly f satisfies (6.4.43) when F' is a vacuum Maxwell field. Note also that the
function obtained by lowering first with uo and then with w; is the same as f since

(ug, Fuy) = —(Fuy,us)
= (u1, Fup). (6.5.11)

Since f is symmetric in 1 and wu9, it may be written entirely in terms of w. Now
) 1 ) _
f’o(wF) = 5;/”0 (u1 R U F 4+ us ® ulF)

1 - -

= —5% (u1 ® Fuo + uo ®FU1)
1

= ——(Fug,u1)— =
g (Fuz, ur) = o(

= 3/ (6.5.12)

Fuy,ug)

and so
f= 4%Wr)
— 4u-F. (6.5.13)
Similarly, (ug2, AFu;) = —4w - AF. By (6.3.10),
(Dug, d*Fuy) + (Duy, d*Fug) = —4.% (ﬁm @ d*Fuy + Duy @ m>
= —%6,% (dL)d*F - c?*wd*F)
16

= gg(cz*w, d'F) (6.5.14)

and
(ﬁuz,dFu1)+(ﬁu1,dFuz) = —4.A 1®dFU2+DU2®dFU1)

(D
:16L/0A(dFd F)

= Sg(xdw,xdF). (6.5.15)
Then (6.5.10) becomes
A 1 4 2 2 e
Af-sof = 25~ 4<w AF = 2g(ed, *dF)—i—gg(dw,dF)) (6.5.16)

This can be verified directly by acting with the Laplace-Beltrami operator on f and
using the shear-free 2-form (5.2.10) equation and its integrability conditions.
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6.6 Symmetry operators for the vacuum Maxwell equa-
tion

In this section we show how to construct first- and second-order symmetry opera-
tors for the vacuum Maxwell equation by raising and lowering with various combina-
tions of shear-free spinors. In a 4-dimensional spacetime with Lorentzian signature,
Kalnins et al [KMW92a] have given the most general second-order symmetry operator
for Maxwell’s equation. This incidentally shows that the only non-trivial first-order op-
erator for Maxwell’s equation is the Lie derivative with respect to a conformal Killing
vector, thus we expect any first-order symmetry operator constructed by raising and
lowering to be related to the Lie derivative in some way.

A first-order symmetry operator can be constructed as follows. Let u; be an odd
shear-free spinor, and let uo be an even shear-free spinor with opposite charge to uy.
For a 2-form F, the spinor ¥ = Fu; satisfies ]31/) = dFu; by Theorem 6.5.1. Note
that since uy is odd, 9 = F~uy. Let F’ be the 2-form constructed from 1 and us as
in (6.4.2). Then by Theorem 6.4.1 and Corollary 6.4.16 it is clear that F’ is an anti
self-dual vacuum Maxwell field whenever F' is. Thus we have a first-order symmetry
operator § which may be written in terms of u; and us as

SuuF' = —e"ua @ uVx, F — ie“ug ®mF
- %ﬁm ® u F + éFul ® Dus . (6.6.1)
Since u1 arwdAi have opposite parity, uo ®f)7u1 must be an even form. The 2-form part
of e%ug ® e,Duq vanishes, and we have the identity
iy @ eqDuy + ¢*Duy @ ez = 0. (6.6.2)
Then

Sulu2F = —6aUQ®fL1VXaF

1/~ 1 =
~3 (Duz ® u1 + Ze“w ® eaDul) F
1 = 1 .
+ §F u1 ® Dusg + 16 Dui ® equs
1
= —€cu® wmVx, F— §eavXa (UQ X ﬂl) F
1
+ iFvXa (u1 X ﬂg) e . (663)

Now the tensors us ® 41 and uj ® ug are odd forms. Let K be the (complex) vector
whose dual is the 1-form part of us ® 7, that is,

Kb = % (UQ®’EL1)

(UQ Rur —uL ® fLQ) . (6.6.4)

N
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In components, K* = %(ul, equz)e®. In this form, it is easy to verify that K’ satisfies
the CKY 1-form equation (5.1.1), thus K is a conformal Killing vector.
The 3-form component of us ® @ is related to K by duality, since

& - 1 = =
L\'/g,(ug(g)ul) = §(UQ®U1+U1®1L2)

1 - -
= B (—UQ ®zZul +u; ® ZUQ)

= K’z
= —ixK’. (6.6.5)

Then

U2 Uy = Kb—i*Kb
= K'(1-3%). (6.6.6)

Since u1 ® g = — (ug ® al)ﬁa

Uy XUy = —Kb—i*Kb
= —K’(1+3%). (6.6.7)

Using (6.3.28) and (6.3.29),
Vx, (@) = (d—d) (K —i+K’)
= (dK* —d'K’) (1-2) (6.6.8)
and

Vx, (w1 ® ) e* = (d+dY (Kb T *Kb)

= (K +dK") (1-2). (6.6.9)
Now Z commutes with even forms, and
F(1-2) = F+ixF
= 2F. (6.6.10)
So we can write S in terms of K as
SkF = —2e"K’Vx,F~ —[dK’,F7] 4+ 2d*K°F~
= —4 (vKF— + i[dm, F]— ;d*KbF_> +2K°dF~ . (6.6.11)

Now the Lie derivative of a form ® can be expressed as follows (see [BT87]).

T g(Xa, XV P

_ 1 1
Zxd = Vx®+ Z[chth>] +
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|
- gfz/}(g(Xa,Xb) (ebnq)ea + eanq)eb) ) (6.6.12)
Then since K is conformal Killing and F'~ is a 2-form it is clear that
SkF = —AY%F~ +2K°dF~. (6.6.13)

As anticipated, we cannot construct a first-order operator distinct from the Lie deriva-
tive by lowering and raising. This may not be the case in higher dimensions, since there
may exist CKY tensors of degrees other than 1, 2 or 3. Work in this area is continuing.
Notice also that we do not require that the shear-free spinors correspond to RPND’s,
as we do when raising from, or lowering to, a generalised Debye potential.

In a spacetime admitting a CKY 2-form, it is possible to construct a second-order
symmetry operator. Suppose that ¢i9 is a self-dual CKY 2-form related to a pair of
shear-free spinors w1 and us by

b2 = % (u1 ® U2 + ug ® 1) . (6.6.14)
We have previously shown that the 2-forms given by (6.4.24) satisfy (6.4.25), and that
the spinors satisfy (6.4.26) with ¢; =1, ¢o = —1 and F; = F.

Given a 2-form F', we may construct a function with charge 42 (that is, gauge term
2A) by lowering twice with u;. Let f = (u1, Fup). This is an example of spin-lowering
with a pair of proportional spinors. Substituting u; for us in equation (6.4.27) we see
that in this case w = ¢1, and so w has only one real independent eigenvector. Then f
satisfies (6.5.10), with uy replaced by ui, w by ¢1 and mg, = 1. So when F is a vacuum
Maxwell field, f satisfies satisfies

Af—%,@;f = AN f. (6.6.15)

Now f has charge +2, and us has charge —1, so the anti self-dual 2-form F’ constructed
by raising f twice with ug has zero charge. Replacing u; by ug in (6.4.20) we have

= A~ 1 =~
F' = ¢e%uy® Vi, dfus + §fe“uz ® Vx,Dus
A _ ~ ~ 1 ~ ==
+ deQ & Dug + Dus ® deQ + ifDUQ ® Dusy . (6616)

Substituting us for uy in (6.4.27) we see that in this case w = ¢2. Then by (6.4.42) we
have

dF' = Vx, ((Af - %Lﬁf + 4/\¢2f) Us ® ag> et . (6.6.17)

By (6.4.25), the eigenvalues of ¢ and ¢9 are equal, so dF" = 0 since f satisfies (6.6.15).
Thus we have an operation which maps a vacuum Maxwell field to an anti self-dual
vacuum Maxwell field. In [BCK97], Benn and Kress show how a symmetry operator
L4, 4, may be constructed from ¢ and ¢. Their operator is identical (up to a trivial
factor) to the operator derived from lowering and raising. From (6.5.13), f = —4¢; - F,
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F F' = e*uy ® Voib' + 1Dug @ ¢ + 3¢’ @ Duy
Charge: 0 Charge: 0
U U2
¥ = Fuy W' = dfu;j + 3 fDu;
ChAarge: +1 Charge: +1
Dy =0 Dy’ = 0
f=(u2,v)

Charge: 1+ ¢;
Af-toof=—Lpf
Figure 6.1: Raising and lowering with shear-free spinors, where either ¢ =1, j = 2 or
i=2,5=1

while from (6.4.46) we see that

F = 2d(d*(f¢2) — %fa?* 2> . (6.6.18)

So the above operation can be expressed as an operator L4, ¢, acting on 2-forms, where

Lo, F = —8d(d*((¢1-F) b2) —%(@-F) d* 2) : (6.6.19)

We could also have lowered twice with wue first, and then raised twice with u;. This
would result in another symmetry operator Ly,s, obtained by interchanging ¢; and
@2 in (6.6.19). However, a tedious calculation using the integrability conditions for uq
and ug shows that Ly, 4, and Lg,4, only differ by terms which vanish when they act on
vacuum Maxwell fields. This was also pointed out by Torres del Castillo [TdC85], who
presented these operators in terms of 2-index Killing spinors.

Another way to generate a symmetry operator is by lowering first with u; and then
with ug. The function f = (ug, Fui) has zero charge and satisfies (6.4.43) with w = ¢12
when F' is a vacuum Maxwell field. Note that the value of mg,, depends on whether or
not u; and ug are independent. Also, since f = —4¢12- F' it clearly makes no difference
if we lower with ug first and then with u;. Now let F’ be the anti self-dual 2-form
constructed from f by raising first with u; and then with ug via (6.4.20). By (6.4.42)
and (6.4.43) we have dF" = 0 once again. Although the 2-form constructed by raising
first with ug and then with uy will in general be different from F’, equation (6.4.44)
shows that they only differ by a term which vanishes when f satisfies (6.4.43), that
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is, when F' is a vacuum Maxwell field. Thus we have another operation which maps a
vacuum Maxwell field to an anti self-dual vacuum Maxwell field. Once again, this may
be related to the operator constructed from ¢19 as discussed in [BCK97]. By (6.5.13)
and (6.4.46), this may be written as Lg,,4,, Where

£¢12¢12F = _8d(d*((¢12 : F) ¢12) - g (¢12 : F) d*¢12) . (6-6-2(])

Unfortunately, nothing new is gained from this operator. Writing (6.6.20) entirely in
terms of u1 and ug, and using the integrability conditions (5.3.6) and (5.3.7), it can be
shown that Lg,,4,, only differs from Ly, 4, and L4,4, by terms which vanish when they
act on vacuum Maxwell fields.

Given that the operator K, given by (6.3.14) is a symmetry operator for the massless
Dirac equation in all dimensions, it is reasonable to hope that a symmetry operator
may exist for some generalisation of the vacuum Maxwell equation in all dimensions.
Preliminary work suggests that in 2r-dimensions it may be possible to construct an
operator from a CKY r-form which maps exact r-forms to exact r-forms.



Bibliography

[AES2]

[Alb41]

[BCY7]

[BCKO7]

[Ben90]

[Ben94]

[BT86]

[BT87]

[BTSS)]

[Buc58]

[Buc62]

[Carl3]

L V Antonyan and A G Elashvili. Classification of spinors in dimension
sixteen (Russian). Trudy Tbiliss. Mat. Inst. Razmadze Akad. Nauk Gruzin.
SSR 70 (1982), 4-23.

A Albert. Introduction to Algebraic Theories. Chicago University Press,
Chicago, 1941.

I M Benn and P Charlton. Dirac symmetry operators from conformal
Killing-Yano tensors. Classical and Quantum Gravity 14 (1997), 1037—
1042.

I M Benn, P Charlton, and J Kress. Debye potentials for Maxwell and
Dirac fields from a generalization of the Killing-Yano equation. Journal of
Mathematical Physics 38 (1997), no. 9, 4504-4527.

I M Benn. Some impure thoughts on pure spinors. Seminar presented at
the Australian Mathematical Society 34th Annual Meeting (Townsville),
1990.

I M Benn. A unified description of null and non-null shear-free congruences.
Journal of Mathematical Physics 35 (1994), 1796-1802.

P Budinich and A Trautman. Remarks on pure spinors. Letters in Math-
ematical Physics 11 (1986), 315-324.

I M Benn and R W Tucker. An Introduction to Spinors and Geometry with
Applications in Physics. IOP Publishing Ltd, Bristol, 1987.

P Budinich and A Trautman. The Spinorial Chessboard. Trieste Notes in
Physics. Springer, Berlin, 1988.

H A Buchdahl. On the compatibility of relativistic wave equations for
particles of higher spin in the presence of a gravitational field. Il Nuovo
Cimento 10 (1958), 96-103.

H A Buchdahl. On the compatibility of relativistic wave equations in Rie-
mann spaces. Il Nuovo Cimento 25 (1962), 486-496.

E Cartan. Sur les groupes projectifs qui ne laissent invariente aucune
multiplicité plane. Bull. Soc. Math. France 41 (1913), 53-96.

115



[Car66]
[Car68]

[Cha96]

[Cheb4]

[CK74]

[CK75]

[CMT79]

[Dir2g]

[DRS0]

[GS62]

[HMSS]

[Igu70]

[Kas68]

[KC79]

[KM84a]

Bibliography 116

E Cartan. The Theory of Spinors. Hermann, Paris, 1966.

B Carter. Hamilton-Jacobi and Schrodinger separable solutions of Ein-
stein’s equations. Communications in Mathematical Physics 10 (1968),
280-310.

P Charlton. Debye potentials for the massless Dirac equation in alge-
braically special space-times. Proceedings of the First Australasian Confer-
ence on General Relativity and Gravitation (Adelaide, 1996) (ed. David L
Wiltshire), pages 135-145. Institute for Theoretical Physics, Adelaide,
1996.

C Chevalley. The Algebraic Theory of Spinors. Columbia University Press,
New York, 1954.

J M Cohen and L S Kegeles. Electromagnetic fields in curved spaces: a
constructive procedure. Physical Review D 10 (1974), no. 4, 1070-1084.

J M Cohen and L S Kegeles. Space-time perturbations. Physics Letters A
54 (1975), no. 1, 5-7.

B Carter and R G McLenaghan. Generalized total angular momentum
operator for the Dirac equation in curved space-time. Physical Review D
19 (1979), no. 4, 1093-1097.

P A M Dirac. The quantum theory of the electron. Proceedings of the
Royal Society of London A 117 (1928), 610-624.

W Dietz and R Riidiger. Shearfree congruences of null geodesics and Killing
tensors. Gravitation and General Relativity 12 (1980), no. 7, 545-562.

J N Goldberg and R K Sachs. A theorem on Petrov types. Acta Physica
Polonica 12 (1962), 13-23.

L P Hughston and L. J Mason. A generalized Kerr-Robinson theorem.
Classical and Quantum Gravity 5 (1988), 275-285.

J Igusa. A classification of spinors up to dimension twelve. American
Journal of Mathematics 92 (1970), 997-1028.

T Kashiwada. Natural Science Report, Ochanomizu University 19 (1968),
67-74.

L S Kegeles and J M Cohen. Constructive procedure for perturbations of
spacetimes. Physical Review D 19 (1979), no. 6, 1641-1664.

N Kamran and R G McLenaghan. Separation of variables and symmetry
operators for the neutrino and Dirac equations in the space-times admitting
a two-parameter abelian orthogonally transitive isometry group and a pair
of shearfree geodesic null congruences. Journal of Mathematical Physics
25 (1984), no. 4, 1019-1027.



[KMS84b]

[KMW92a]

[KMW92b)]

[KT62]

[KT92]

[KV78]

[LM89]

IMST79]

[Nis55]

[O’N95]

[PenT75]

[Pop80]

[PRS6a]

[PRSGD)

[Rob61]

Bibliography 117

N Kamran and R G McLenaghan. Symmetry operators for the neutrino
and Dirac fields on curved spacetime. Physical Review D 30 (1984), no. 2,
357-362.

E G Kalnins, R G McLenaghan, and G C Williams. Symmetry operators
for Maxwell’s equations on curved space-time. Proceedings of the Royal
Society of London A 439 (1992), 103-113.

E G Kalnins, W Miller, Jr., and G C Williams. Recent advances in the
use of separation of variables methods in general relativity. Philosophical
Transactions of the Royal Society of London A 340 (1992), 337-352.

W Kundt and A Thompson. Le tenseur de Weyl et une congruence associée
de géodésiques isotropes sans distorsion. C. R. Acad. Sci. 254 (1962),
4257-4259.

W Kopcezyniski and A Trautman. Simple spinors and real structures. Jour-
nal of Mathematical Physics 33 (1992), no. 2, 550-559.

V G Kac and E B Vinberg. Spinors of 13-dimensional space. Advances in
Mathematics 30 (1978), 137-155.

H B Lawson, Jr. and M-L Michelsohn. Spin Geometry. Princeton Univer-
sity Press, Princeton, 1989.

R G McLenaghan and Ph Spindel. Quantum numbers for Dirac spinor fields
on a curved space-time. Physical Review D 20 (1979), no. 2, 409-413.

A Nisbet. Hertzian electromagnetic potentials and associated gauge trans-
formations. Proceedings of the Royal Society of London A 250 (1955),
250-263.

B O’Neill. The Geometry of Kerr Black Holes. A K Peters, Wellesley,
Massachusetts, 1995.

R Penrose. Twistor theory, its aims and achievements. Quantum Gravity:
an Ozxford Symposium (eds. C J Isham, R Penrose, and D Sciama), pages
268-407. Oxford University Press, Oxford, 1975.

V L Popov. Classification of spinors of dimension fourteen. Transactions
of the Moscow Mathematical Society 1 (1980), 181-232.

R Penrose and W Rindler. Spinors and Space-time, volume 1. Cambridge
University Press, Cambridge, 1986.

R Penrose and W Rindler. Spinors and Space-time, volume 2. Cambridge
University Press, Cambridge, 1986.

I Robinson. Null electromagnetic fields. Journal of Mathematical Physics
2 (1961), no. 3, 290-291.



[RS63]

[Som76]

[Tac69]

[TdC85]

[TdC89a)

[TdC89D)]

[Tho69]

[TK69]

[Tra93]

[TT94]

[WP70]

[Yan52]

[Zhu92]

Bibliography 118

I Robinson and A Schild. Generalization of a theorem by Goldberg and
Sachs. Journal of Mathematical Physics 4 (1963), no. 4, 484-489.

P Sommers. Properties of shear-free congruences of null geodesics. Pro-
ceedings of the Royal Society of London A 349 (1976), 309-318.

S Tachibana. On conformal Killing tensor in a Riemannian space. Tohoku
Mathematical Journal 21 (1969), 56-64.

G F Torres del Castillo. Killing spinors and massless spinor fields. Pro-
ceedings of the Royal Society of London A 400 (1985), 119-126.

G F Torres del Castillo. Debye potentials for Rarita-Schwinger fields in
curved space-times. Journal of Mathematical Physics 30 (1989), no. 6,
1323-1328.

G F Torres del Castillo. Rarita-Schwinger fields in algebraically special
vacuum space-times. Journal of Mathematical Physics 30 (1989), no. 2,
446-451.

J A Thorpe. Curvature and Petrov canonical forms. Journal of Mathemat-
ical Physics 10 (1969), no. 1, 1-7.

S Tachibana and T Kashiwada. On the integrability of Killing-Yano’s
equation. Journal of the Mathematical Society of Japan 21 (1969), no. 2,
259-265.

A Trautman. Geometric aspects of spinors. Clifford Algebras and their Ap-
plications in Mathematical Physics (Deinze, 1993) (eds. F Brackx, R De-
langhe, and H Serras), pages 333-344. Kluwer Academic Publishers, Dor-
drecht, 1993.

A Trautman and K Trautman. Generalized pure spinors. Journal of Ge-
ometry and Physics 15 (1994), 1-21.

M Walker and R Penrose. On quadratic first integrals of the geodesic
equations for the type {22} spacetimes. Communications in Mathematical
Physics 18 (1970), 265-274.

K Yano. Some remarks on tensor fields and curvature. Annals of Mathe-
matics 55 (1952), no. 2, 328-347.

X-W Zhu. The classification of spinors under GSpiny4 over finite fields.
Transactions of the American Mathematical Society 333 (1992), no. 1, 95—
114.



Index

*, 9 R%, 19

%1, 9 T,4(V), 5

Cap, 19 z, 12

Gy, 24 C(V,g9), 9

Lx, 51 C*(V,g), 10

N(y), 17 C%WM,g), 20

P(v), 29

P, 19 anti-automorphism, 7
R(X,Y), 18 anti-derivation, 7
ggg‘% 20 Bianchi identities, 19
Alt, 6 charge conjugate, 14

I, 10 chiral transformation, 65
I+, 11 Clifford algebra, 9
A(V), 6 Clifford bundle, 20
Ap(V), 5 Clifford commutator, 12
Sym, 6 Clifford form, 10
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d, 20 covariant derivative, 49
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A, 89 curvature operator, 18
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ch, 1 curvature tensor, 18
6
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ﬁ, 53 Dirac equation, 88
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gauged covariant derivative, 53
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Hertz potential, 86
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Hodge-de Rham operator, 20
holonomy group, 26
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inner product on p-forms, 9
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interior derivative, 7
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Kaéahler manifold, 27
Killing spinor, 79
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Killing-Yano tensor, 74

Laplace-Beltrami operator, 20

Majorana spinor, 14
Majorana-Weyl spinor, 14
Maxwell’s equation, 86
metric, 7

metric dual, 8

minimal left ideal, 13

null 2-form, 72
null space, 17
nullity, 17

orbit, 24
orthogonal space, 7

p-form, 5

parallel spinor, 26
parity, 13

Petrov classification, 80

Pin group, 11

principal null direction, 81
projection operators, 6
pure index, 29

pure spinor, 17

pure subspace, 28

R-commuting, 88
raising convention, 7
real index, 17

real subalgebra, 12
Ricci 1-forms, 19
Ricci tensor, 19
Robinson’s theorem, 3

section of a bundle, 18
semi-simple algebra, 13
semi-spinor, 13
shear-free 2-form, 76
shear-free spinor, 60
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signature, 8

simple PND, 81

Spin group, 11

spin manifold, 20

spin raising and lowering, 87
spinor, 13

spinor bundle, 20

spinor Laplacian, 21
spinor representation, 13
symmetry operator, 88

tensor, 5

totally isotropic subspace, 17
trace of a Clifford form, 16
trace of a tensor, 50

triality, 33

triality map, 35

twistor equation, 45

twistor operator, 51
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vector representation, 10
volume form, 8

Weyl spinor, 13
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