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ABSTRACT

In this dissertation we review the article "On the Six-dimensional Kerr Theorem
and Twistor Equation" [1], introducing advanced topics from general relativity along the
way. We start by introducing how the concept of a spinor appears in physics from the
simple requirement of Lorentz invariance on a field theory that would describe the electron.
We then introduce ideas from representation theory so that we can approach the spinor
concept from a more mathematical point of view and with that know its properties so we
can apply the formalism as we wish. We then show the correspondence between tensors
and spinors in four dimensions and rewrite General Relativity in terms of spinors, and
we see that this allows us to simplify several equations in terms of the Newman-Penrose
formalism. The concept of congruences is introduced, and its study in turn leads us to the
Kerr Theorem and the notion of a twistor. Then, we move on to six-dimensional space-time,
where we see that the correspondence between tensors and spinors in six dimensions is
quite different than the one we described for the four-dimensional case, but group theory
allows us to easily obtain the spinor form of the desired tensors. The Kerr Theorem is
obtained in six dimensions, and its generalization to generic even dimensions is discussed.
We then study the six-dimensional twistor equation and see that it imposes an algebraic
constraint on the form of the Weyl tensor, and a family of examples that exhibits this

property is discussed.

Keywords: General Relativity. Spinors. Kerr Theorem. Twistors.



RESUMO

Nessa dissertacao, revisamos o artigo "On the Six-dimensional Kerr Theorem and
Twistor Equation" [1], introduzindo tépicos avancados de Relatividade Geral ao longo do
caminho. Comegamos mostrando como o conceito de espinor aparece na fisica a partir
da necessidade por invariancia de Lorentz numa teoria de campo que entao descreveria o
elétron. No6s entao introduzimos conceitos de teoria de representacao para que possamos
abordar espinores de um ponto de vista mais matematico, e com isso obter suas propriedades
e aplicar o formalismo da maneira desejada. Mostramos entao a correspondéncia entre
tensores e espinores em quatro dimensoes e reescrevemos a Relatividade Geral em termos
de espinores, e vemos que isso nos permite simplificar diversas equacoes em termos do
formalismo de Newman-Penrose. O conceito de congruéncias é introduzido, e seu estudo
entao nos leva ao teorema de Kerr e a nocao de um twistor. N6s entao seguimos para
o espaco-tempo de seis dimensoes, onde vemos que a correspondéncia entre tensores e
espinores em seis dimensoes é um tanto diferente da estudada no caso anterior, mas a
teoria de grupo nos permite obter a forma espinorial do tensores desejados facilmente. O
teorema de Kerr é obtido em seis dimensoes , e sua generalizacao para dimensoes pares
genéricas é discutida. Estudamos entao a equagao do twistor em seis dimensoes e vemos
que ela impde uma limitagdo algébrica na forma do tensor de Weyl, e encerramos com

uma discussao sobre uma familia de exemplos que exibe essa propriedade.

Palavras-chave: Relatividade Geral. Espinores. Teorema de Kerr. Twistors.
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1 INTRODUCTION

The field of General Relativity is over a 100 years old by now, and it showed us
beautiful new physics, like gravitational waves and black holes, and also solved old mysteries
such as the precession of the perihelion of Mercury as well as explaining facts about the
large-scale universe through cosmology [2]. Despite its many successes, it was a difficult
theory to deal with from the beginning, and it remains so, since in four dimensions it is
described by a set of 10 non-linear partial differential equations describing the dynamics of
the space-time itself. Obtaining new solutions corresponding to different physical systems
would prove to be very difficult, and new mathematical tools would be needed to analyze
the integrability aspects of the theory as well as solving the equations for given conditions.
Many of these new tools were introduced by Roger Penrose, which in the 60’s used spinors
in the study of General Relativity [3] and also introduced the concept of a twistor [4] as a
possible candidate of a way to quantize gravity [5]. Along with that, with the advent of
String Theory, the interest in understanding the forces of nature in more dimensions than
four rose [6,7], which again poses the problem of choosing the appropriate tools to deal

with the theory in this setting.

The objective of this dissertation is twofold: to present a review of [1] explaining
the methods presented therein, and also to give a brief introduction to some methods and
tools of General Relativity that are more advanced than those encountered in a first course,
such as group theory, spinors, the Newman-Penrose tetrad formalism and twistors. Those
are all well introduced in the great pioneering books by Roger Penrose and Wolfgang
Rindler [8,9], but not always in a very comprehensive manner. So, for the reader interested
in these tools, this dissertation also serves as a collection of references that trail the easiest

path.

This work is divided into three chapters. With the objective of introducing the
ideas presented on [1] in mind, we start with chapter 2 by introducing the concept of a
spinor in four-dimensional space-time [10], first motivated from the physics point of view,
as done by Dirac [11], and then the rest of the chapter is devoted to introducing spinors
from the group theory point of view, following mostly [12] and [13], while also obtaining
more general properties that would help us in the following chapters. We also make a
rudimentary introduction to the ideas of representation theory along the way so that those

not familiarized with group theory can keep up.

In chapter 3, we start to mix the ideas from chapter 2 with General Relativity. A
correspondence between SO(4) tensors and SU(2) ® SU(2) is shown, and from that we
are able to describe General Relativity in terms of spinors, where we obtain the spinor

equivalent of the important tensorial quantities of the field. We finish the chapter talking
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about the Newman-Penrose formalism, which enables us to discuss how certain parameters
should behave in order for us to have null shear free congruences, which in turn leads us
to the Kerr Theorem for the first time, while also arriving at the concept of twistors, both

central points of discussion of [1].

Finally, in chapter 4, we have the necessary tools to discuss [1] in its entirety. This
time, we are talking about six-dimensional spaces, and akin to the previous chapters,
we first discuss spinors, which this time comes from SU(4), and their relation to SO(6)
tensors, and proceed to list the spinor equivalents of some tensors that will be of use.
We then study how null vectors are represented by spinors, which leads us to the notion
of isotropic spaces and, together with the Frobenius’” Theorem, we arrive at the Kerr
Theorem in 6 dimensions. This shows us a pattern of how to obtain the Kerr Theorem in
generic even dimensions, and such generalization is discussed. As usual, the Kerr Theorem
defines implicitly the notion of a Twistor, and we analyze how the twistor equation in six
dimensions constrains algebraically the Weyl tensor, then finishes by discussing a family

of examples with this property.
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2 SPINORS FROM PHYSICS

Rotational symmetries always played an important role in physics, but in the last
century we saw two major advances born out of this symmetry, the first was achieved by
studying rotations in the Minkowski space, which led to the Lorentz Transformations and
opened the field of Special Relativity. The second one came from the development of the
spinor theory from Elie Cartan [10] and its introduction in physics by Paul Dirac [14]. In
this chapter, we introduce the spinor concept first starting from the historical point of view
in physics, and then by introducing it as an object that can be Lorentz transformed by a
certain representation of SO(1,3). Group theory is briefly introduced so that we can make
a more systematic discussion about rotations and symmetries in general, and different

representations of the Lorentz group in four dimensions are studied.

2.1 The Dirac Equation

In 1926, Erwin Schrodinger published the paper "An undulatory theory of the
mechanics of atoms and molecules" [15] where he introduced the now famous Schrodinger
equation:

dp 4
5 = Ho (2.1.1)

Where v is the wave function, a scalar field that contains all the information about

ih

the system [16]. If we consider the free particle case, we get
Op _ V%
ot 2m
where we can see that space and time are clearly treated differently, and as consequence

ih (2.1.2)

the equation is not Lorentz invariant.

One way we could try to obtain a relativistic version of the Schrodinger equation

would be to use the relativistic expression for the energy, i.e.,

E = \/p*c® + m2c4, (2.1.3)

and, by promoting the energy to the Hamiltonian operator and using it on (2.1.1), we

have:

ihaﬁf =VcEV2 +mictp (2.1.4)

Now, this equation still treats space and time differently, even though we are using

the relativistic expression. One way to fix this is to square the operator by multiplying the

A 0
whole equation by H = zha and get

hQaip— R V2 2t 2.1.5
oy = -+ mcp, (2.1.5)
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From now on we use units where ¢ = h = G = 1. We note that —9? + V? =

32 0,0" = 9,0" = 0, where we use Einstein’s sum convention, and the equation becomes:
M

(> +m*)p =0 (2.1.6)

which is known as the Klein-Gordon (KG) equation and is indeed Lorentz invariant.
According to Dirac [17], Schrodinger himself arrived at this relativistic version before
publishing his famous equation, but found out that it didn’t describe correctly the fine
splitting of the hydrogen atom. Later, he realized that the non-relativistic limit of (2.1.1)

would still be of use to describe the quantum phenomena known at the time.

As Schrodinger correctly guessed, the lack of success of the Klein-Gordon equation
on describing the hydrogen atom, an electron on a Coulomb potential, was due to the
intrinsic angular momentum of the electron, that was suggested to be 5 by George
Uhlenbeck and Samuel Goudsmit in 1926 [18]. Indeed, the KG equation describes the
dynamics of a particle associated with a scalar field, which means it has no intrinsic

angular momentum, or spin, as it would become known.

What about the dynamics of a particle with non-zero spin? By 1928, Dirac tried
a different approach on the search for a relativistic quantum mechanical equation [11].
Dirac’s reasoning was that he wanted to find an equation that was of first order in both

time and space derivatives,

dp  ~
%2 _ e, 2.1.7
5 @ (2.1.7)
where H = —ia'd; + a®m and o', a2, a® and o are constant quantities. Now, if we regard

these quantities as components of a vector, we see that a’0; defines a preferred direction in

space, and the result would be clearly a non-relativistic equation. To avoid this problem, we

regard the alphas as matrices o*,,,, where u labels the different matrices aty,n, @2, @3 mn

and a®,,, and the indices m and n labels the components of said matrices. Writing the

full equation, we have
Oy
27
ot

where we see that, for our conditions to hold, ¢ cannot be a scalar field anymore, or we

= —i0 1 0ip + amep, (2.1.8)

would have a scalar on the left side, and a matrix on the right side of the equation. Instead,
 is different object, which for now we will just treat as a multi component quantity and

write
10V, = —id' 1, 0; U, + a°,,m¥, (2.1.9)

Where we now write this quantity as ¥,, to distinguish it from the scalar wave function ¢.
Dirac also imposed that, as a relativistic equation, this should also contain the relativistic
energy relation E? = p? + m?, so it should imply the Klein-Gordon equation somehow.
This is done by "squaring" the Dirac hamiltonian (2.1.8), where we obtain

0*

U
W + (CYO)QmQ\IJ (2110)

—0M = —a'd? o

—im(a’a’® 4 a’a’)
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where we suppressed the matrix component indices and a‘a’ is to be understood as the

usual matrix product. This gives us the following restrictions on the alphas:

alla?) = 5(0/0# + ) =671 (2.1.11)
a'a’ +a’a’ =0 (2.1.12)
(@) =1 (2.1.13)

Where I is the identity matrix. With these conditions we get, by squaring the Dirac
equation, the Klein-Gordon equation. Now, by making use of (2.1.13), we can multiply
(2.1.9) by o to get:

(Y0, +m)¥ =0 (2.1.14)

Where 1° = —ia® and 7' = —ia’a’ and we can write (2.1.11) and (2.1.12) in terms of
as |

5(7M’YV +99*) = "L (2.1.15)

where 9" is the metric of flat space-time defined by the line element

s° =ndr’dr” = —dt® + ax® + dy” + dz”. 1.
ds* = ndatde” = —dt* + do® + dy* + d2° 2.1.16

Equation (2.1.14) is finally a relativistic equation for the electron, now known as
the Dirac equation. We also see that in order to obtain such an equation, we arrived at
a new kind of multi-component quantity that we labeled V¥,,. So, what’s new about it,
exactly? First, as we shall see, it is not a vector, since it does not transform as such under
the usual Lorentz transformations. ¥, is called a spinor, a different object with a different
Lorentz transformation which is closely related to (2.1.15), which we call Clifford Algebra
[19].

2.2 Group Theory

Last section we arrived at a different kind of object, which we called spinor, by
trying to build a relativistic equation for the spin 5 particle. In four dimensions, the spinor
in the Dirac equation has four components, but we know from experiment that an electron
has 2 spin states, up and down. Where does those extra 2 components come from? In this
section, we arrive at the spinor concept from a more mathematical point of view and also

explain why we need a 4 component spinor to achieve Lorentz invariance in field equations.
We will follow mainly the works of [12,13]. See also [20,21].



Chapter 2. Spinors from Physics 15

2.2.1 Lie Groups

A group (G, o) is a set G, with a binary operation o that satisfies the following

axioms:
x Closure: V g1,90 € G,g109, € G
« Associativity: V g1, 92,93 € G, 910 (g2 0 g3) = (g1 0 92) © g3
* Existence of the identity element: de € G such that Vg€ G,eog=g=goe
* Existence of the inverse element: V g € G 3¢~ ! € G such that gog™! =g log=¢

For the purposes of this dissertation, we define a Lie group as a continuous group

whose elements depend on one or more real parameters 6;, with ¢ = 1,2, 3...n.

2.2.2 Lie Algebra

Lie group theory is the framework which deals with continuous symmetries, like
the rotations of a circle. A useful concept emerges when we consider a transformation that
is close to identity. If such a transformation is described by an element g(#) of a Lie group,

then our infinitesimal transformation is given by
gle) =1+€eX (2.2.1)

where we regard € as a really small number and X is called the generator of the transforma-

tion. By doing successive infinitesimal transformations we arrive at a finite transformation

given by
T 0 o\~ _ ox
h(0) = A}lir(lw(l + NX) =e (2.2.2)
and so, the generator of a given transformation is
dh(0)
X = - 2.2.
1gl0=0 (2.2.3)

A Lie algebra G is the set of generators Y together with an operation [,] such that e¥ € G.

The relation between o and [,] is given by the Baker-Campbell-Hausdorff formula:
X oY — 6X+Y+%[X,Y]+$[X,[X,Y]]—Tg[y,[X,Y]H... (2.2'4>

The operation [,] is called Lie bracket, and for the groups considered here, is given simply
by [X,Y] = XY — Y X which is called commutator.
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2.3 SU(2)

The first Lie group we are interested in is the SU(2), which is the set of all unitary

2x2 matrices with unit determinant. We start by building a general 2x2 matrix

U:

‘Z Z] (2.3.1)

where unitarity means that UT = U™}, so:

d -b a* c*
— (2.3.2)
—Cc a b* d*

Together with the requirement that det(U) = 1 we have:

¢ _C] (2.3.3)

and aa* + cc* = 1 which leaves three free parameters. If we choose a and ¢ to be

real, we have a? + ¢ = 1 which can be parametrized as:

cos(0) —sin(@)]
sin(f)  cos(0)

U= (2.3.4)

which as we can see, is the rotation matrix in two dimensions. With the other two free
parameters, SU(2) acts on vectors as the rotation group in three dimensions. In a more
complete definition, a Lie group is also a manifold, and the SU(2) group is the 3-sphere

manifold, which we call S3.

2.3.1 The Generators of SU(2)

To obtain the generators of SU(2) we work with the parameters set to unit and
the convention of putting an "i" before the generators in each element of the group, so we

write an arbitrary element of the group as e’/i. We then have
U = il oidi — 1 = p—idi+iditg[=ig]idi)... (2.3.5)
Which means Jf = J;. Now, for the condition det U = det e™/i = 1 gets us:
det(ei) = e/ = 1 (2.3.6)

So,
tr(J;) =0 (2.3.7)
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The generators of SU(2) are then hermitian matrices of null trace, the same properties of

the Pauli matrices o;. We then define J; = %O'i and the Lie algebra follows:
[Ji, J;] = ie"* Jy (2.3.8)

We now define the following operators

JP= T+ I+ T} (2.3.9)

Jo=Ji+iJy (2.3.10)

J_=J, —ilJy (2.3.11)
where

[Ty, J_] = 2Js (2.3.12)

and identify J and Ji as the total angular momentum and ladder operators from quantum
mechanics, respectively (see [22] for a detailed treatment). J? is called the Casimir operator,
which means that it commutes with every other generator of the group. The eigenvalues
of a Casimir operator of a group labels its different representations which, in this case,
will act on a 27 + 1 dimensional space, where j is a integer or half integer obtained via the

relation:
J*; = j(j +1)7; (2.3.13)

where v; are the eigenvectors of J3, and j labels its largest eigenvalue. In Dirac notation,

for example, we have
J3 |4, m) =m|j,m) (2.3.14)

and j is the maximum value for m.

2.3.2 The j = 1 representation of SU(2)

We now treat the case where j = %, which will be important when we talk about
representations of SO(1,3), the Lorentz Group. This representation acts on a space of

1
dimension 25 + 1 =2, and J; will be given by:

0 1
Jsz[j . ]:
0 j—1 2

(Jp +J-), Jo = 5-(J4 — J_) and calculate

1 0
O_J (2.3.15)

and we can find J; and J, by using that J; = %
its matrix elements: . .
[ = (5[ il5,m) (2.3.16)
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1
[olmm = (5,m'| 2|5, m) (2.3.17)
and we obtain:
110 1
=z 2.3.1
110 —2
=z 2.3.1
Jo 5 L 0] (2.3.19)

2.4 The Lorentz Group

The Lorentz group is the group of Lorentz transformations, defined as the set of
transformations that do not change the inner product between two vectors in Minkowski
space, i.e.

2 Napr’’ = 2"n,,7" (2.4.1)

where 2 is a Lorentz transformed vector defined as 2’ = A%, 2", so the defining condition

of the Lorentz group becomes:
A%Aﬂynaﬂ = N (2.4.2)

We may now consider the infinitesimal transformation case where A%, = 0%, +ieK*,, and

by applying it in the definition, we obtain:
(0% +ieK*,) (0] + €K’ ) nap = Ny = K*Maw + K ymus = 0 (2.4.3)

Which means:

—a e i m)| a b ¢ d
—b ' —e —f —g —h
foaom e =f (2.4.4)
—c g k o - —7 —k -l
—d h 1 P -m —-n —o0 —p
And we obtain the general form of the generator
0 b ¢ d
b h
k=" 0 9 (2.4.5)
c —qg 0 1
d —h =1 0

which has 6 parameters for the 3 boosts and 3 rotations, amounting to the total of 6

Lorentz transformations. We can now consider the following solutions for the generators

of boosts:
02z 00 0 0 2 O 00 0 ¢
;0 0 0 00 0O 00 00
K1 == ! ,KQ == . ,Kg - (246)
00 00O 1 0 00 00 0O
0 00 0 0 0O i 000
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and rotations:

000 O 0 00 00 0 O
000 O 0 0 1 0 0 —i
Jy = o = ,Js = 24.7
oo o =i’ o 0 0 "o (247)
00 ¢ O 0 — 0 0
from which we can obtain the corresponding transformations by using
A = 0 THEE, (2.4.8)

Where A is a general Lorentz transformation. We can now calculate the corresponding Lie

algebra, which gives us

[JCH Jb] = 2.Eal)ct]c, (249)
[Jav Kb] = 2.eabc[(ca (2410)
[Kava] = _ieabcjc (2411)

We can now define the following combinations:

1
N = (i iK) (2.4.12)
which have the following algebra:
[N, N] = deane NS (2.4.13)
[Na_7Nb_] = iEach(; (2414)
[N N, 1=0 (2.4.15)

This means that we have two copies of SU(2) in the Lorentz group, each characterized by

its own j, which will label the different representations of the Lorentz group.

2.4.1 Representations of the Lorentz Group

As seen, the Lorentz Group is made up of two copies of SU(2), and as such

will be characterized by the duplet (7, j"). We now investigate the cases where (j,j') =

{(07 0)7 (%7 0)7 (07 %)7 (%’ %)}

24.1.1 The (0,0) Representation

This is a trivial case made by 1x1 matrices, called the scalar representation. It

describes objects which don’t change under a Lorentz transformation.
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2.41.2 The (1,0) Representation

In this representation, we only use N;” and take N, to be zero. This means that
N = YJ; —iK;) =0 = J, = iK;, so:

i T2
where we used the known relation J; = % from SU(2). In this representation, the
corresponding rotations and boosts are given by:
_ . e
isin(g)  cos(F) |
, e b2 62 ]
R(8) = o = 0% = | ®a) O (2.4.18)
|—sin(F) cos(F)]
03
) - Ly 0
Rz<93> — 6193J3 — 619373 — € o5 | (2419)
0 e'2
and
, h(2L inh(&L
Bo(gr) = et = gn¥ — |©05) Smh(F)| (2420)
sinh(%) cosh(%)
, h(£2) —jsinh(%2
By(¢2) _ €z¢2K2 _ 6¢1% |:COS ( 352) tsin (522 )] ’ (2421)
isinh(%)  cosh(%)
¢3
. : 2z 0
B.(gs) = e9Ks — o905 _ [e _453] , (2.4.22)
0 e
respectively.
2.41.3 The (0,3) Representation
This time, we only use N; instead of N; . This means that N;" = 1(J; —iK;) =
0= J;, = —1K;, so:
— 1 . 1 . . 7;0'1'

0‘.
where, again, we used that J; = ; In this representation, the corresponding rotations

and boosts are given by:

_ , .
isin(g)  cos(F) |
, - [ b2 02) ]
R(8) = o = 0% = | 3] O (2.4.25)
|—sin(3) cos(F)]
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.03
_ o 30
Rz(93) = 6103J3 = 626373 = |:€ ’ ‘93] , (2426)
0 e’z
and _ -
B$<¢ ) — 1K1 €—¢1¢71 — COSh(%) _Slnh(%) (2.4.27)
—sinh(%)  cosh(%) |’
I @2 ;o b2 ]
B,(¢o) = 692Kz — =02 % _ cosh(%)  isinh(%) (2.4.28)
Y —isinh(%) cosh(2) |’
30
. é: 2
Bz(¢3) — el¢3K3 — e*¢373 — o5 | s (2429)
0 ez
respectively.

2.4.1.4 The Relation Between Spinor Representations

In the last two sections, we derived two representations of the Lorentz group, which
defines rotations in the same way but differ by a minus sign on the boosts. It is now time
to investigate the objects they act on, which are very similar, and the relations between
them.

The (%, 0) representation acts on a object called the left chiral spinor, defined as:

br=va= ||, (2.4.30)
V2
while the (0, %) representation acts the right chiral spinor, defined as:
a_ [V
PR =t = L”Q . (2.4.31)

Now, consider the matrix ios. It is easy to check that io9 is invariant under any
Lorentz transformation in the spinor representations, be it (%, 0) or (0, %), that is:
iy = AlioyA,, (2.4.32)

where A, is a Lorentz transformation in the spinor representation. We can also define the

following transformation:

br = ioa(ihr)". (2.4.33)
Now consider a boost in ¢, then we see that ¢, transforms as:

p;o’ ¢’

Py =0 (gy)" = io*(e T )T =€ 2

io?(Yr)* =e "2 Py, (2.4.34)
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which is the transformation law for the (0, %) representation. In the same way, we will
have:

#i

O — R, (2.4.35)

The quantity that we defined as io?

is, as we shall see next chapter, the Levi-Civita spinor,
which plays a role similar to the metric tensor, in the sense that it defines an inner product

in spin space.

2.415 The (1, 1) Representation

We now turn our attention to the (%, %) representation, the last we will show
here. Now that we have both copies of SU(2) working at the same time, we will have
a corresponding object that has two indices, where each transforms according to each
copy of SU(2). The components of such an object, say X AA" " can be represented by a
2x2 matrix which we will choose to be hermitian, because as we will see, this matrices
corresponds to our usual vectors, and by choosing them to be hermitian, we guarantee
that our vectors will be real. So, we have:

2+ b+ ix?

xt —ix? 20— a3

1
V2

where the choice of splitting the diagonal components in a sum will make itself clear in

a few moments, and the factor of % is so that we have consistent notation with next

XA = : (2.4.36)

chapter and the results we will obtain. Now, this can also be written in the form:

! 1 /
X = (2T + 2'oy + 20y + 2303 = 20, ). (2.4.37)

V2

. /. oy . .
What we are seeing here as X44" is the position vector z* represented in spin space, and

AA" are called Van der Waerden

the quantities that make the connection between them, o,
symbols. To see that this is true, we must only show that X44’ transforms as a vector

under a Lorentz transformation. That is [23]:
X' =L'XL, (2.4.38)

or, in component form:
X'BB = ABA LB XA (2.4.39)

The matrix L is an element of SL(2,C') the group of 222 matrices with complex entries
and unit determinant, which double covers the Lorentz group, which can be seen from the
fact that L and —L define the same transformation. Now, if we make these transformations

infinitesimal, as in A% = (I + %Qiai — %(biai)f and its complex conjugate, we obtain that:

.T/O + 217,3 ZU/I + Z':E/Q

XIBB/ _ 1
2t —ix? 20+ 2

-5 , (2.4.40)
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where
.%'/0 .%'0 0 191 192 Z93 Z‘O
Q?/l 1’1 7/91 0 Z¢3 —Z(bg Q?l
nl = |2 + . . ) 9 (2.4.41)
x x iy —ig3 0 i1 | |
IL"B ZL‘S 293 qug —Zgbl 0 ZEB

which is exactly the Lorentz transformation law for vector components.

2.4.2 The Spinor on the Dirac equation

We can now ask ourselves again the question posed in the beginning: why the
object that appears in the Dirac equation, which we called a spinor, has four entries? The
answer to this is in the other two transformations not considered yet that satisfy (2.4.2).
They are the parity A, and time reversal A, transformations, which were not treated in
the same way as the other transformations because they are not connected to the identity,

and are defined as:

1 0 0 0 -1 0 0 0
0 -1 0 0 0 1 00
A, = , A = , (2.4.42)
0 0 -1 0 0 010
0o 0 0 -1 0 001
which transform the generators in the following way:
AK(A)T = — K, (2.4.43)
Api(Ap)T = T, (2.4.44)
MKi(A)T = —K; (2.4.45)
A Ji(A)T = 5, (2.4.46)
and so:
N* < N7 (2.4.47)

where we see that the (%, 0) representation is changed into the (0, %) representation and
vice-versa. This means that in order to have a truly relativistic invariant equation, we
need both representations together to build the four component spinor that we see in the

Dirac equation that transforms according to the (3,0) & (0, 5) representation.
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2.5 The n Dimensional Vector Representations

In n dimensions, there will be @

the signature, where we can obtain the finite transformations by exponentiating said

generators for the Lorentz group, no matter

generators. Instead of labelling them by a single index, we can encode these generators
on a skew-symmetrical n dimensional matrix. So, (J**)® is the generator of the Lorentz
transformation that can be either a boost or a rotation between the p and v directions and

a, b labels the matrix components of such generators that will have the following form:
(J#) = —i(" ™ — "), (2.5.1)

which is great, because it works in any dimension or signature and the four dimensional

case is easily recovered. The Lie algebra then can be proved to be:
[T T = T — I g T, (2.5.2)

and now we can obtain vector representations of the Lorentz group in any dimension,

which can certainly be useful, given the interest in higher dimensions in theoretical physics.

2.6 Clifford Algebra and the n Dimensional Spinor Representations

Last section gave us a way to get vector representations of the Lorentz group in
any dimension we want, but what about spinor representations? For that, we need to
revisit an idea that we naturally arrived while trying to obtain the Dirac equation: Clifford
Algebra. For the purposes of this work, it is sufficient to define a Clifford Algebra in n

dimensions as the set of n matrices 7* that satisfy:
VY At =2 (2.6.1)

Now, what does this has to do with spinor representations of the Lorentz group, exactly?
First, let us define the matrix:

_ ihu,ﬂ (2.6.2)

The commutation relation of this set of matrices can be shown to be:

SHY

[, SP) = (S — v SPH — P SN ppr SAY, (2.6.3)

which is exactly the Lorentz algebra defined last section. Lets pick a specific solution of
the Clifford Algebra to see how it works:

= [_O U#] , (2.6.4)
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1

where o = (I, —o', —0% —0®) and o' are the usual Pauli matrices, so that v are 4x4.

That way, we have:

I LA A (2.6.5)

4 0 oc"uo? — o’ot

From that, a general Lorentz transformation will be given by:
A = enS™ (2.6.6)

Knowing S* amounts to knowing the commutation relations of the Pauli matrices, which
are given by:
(0!, 07] = 2i€" 0" (2.6.7)

and from that, it is easy to show that boosts and rotations generators will be given by:

g |=0t 0
Ki—L 1, 2.6.8
2[0 ] 269

1 ld® 0
Jt= = |, 2.6.9
2[0 ] 269)

where we make the identifications S'? = J3, S3! = J2, §23 = J! and S% = K. Now lets
treat the Dirac spinor as a two component column matrix, where each component is itself

a two component column matrix, similar to what we’re doing with the generators here:

|
P = [¢a]’ (2.6.10)

and now let us check how finite Lorentz transformations act on them. The boosts and

rotations will be given by

e e 0]
B(gyp = oK' = |© o £ (2.6.11)
0 e 0T | ()
— 0 Td -€i9i %Z 0 _’le
R(0)p = "'y = o : (2.6.12)
0 eiT _1/)2

which indeed is the spinor transformation law. Not only that, we also have explicitly that
under boosts: 4
P = eiT (2.6.13)

U= e Ty, (2.6.14)

and we see that ¢, = 1 and v, = 9. This is not the case in general, but it happened here

because of our choice of the gamma matrices. This particular choice of gamma matrices
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gives us what is called the Chiral representation of the Lorentz group. For an arbitrary
representation, we can also decompose the Dirac spinor into v;, and 1%, and to do that,

we start by defining:
7t =", (2.6.15)

which has the important properties
(Y =0, Y [ =0 Yy (2.6.16)

With that, we now define the operators

1
Py = 5(1 + %), (2.6.17)

which obey PP, = P;, P.P_ = P_and P, P_ = P_P, =0, which tells us that they are

projection operators. It can be shown [13] that
Py = @S PLap = op'F, (2.6.18)
and analogously

Py =, (2.6.19)

so P, and P_ project 1 into ¥ and 1)y, respectively, and it works for any given represen-

tation.

With that, we showed the main basic elements of spinors as they appeared in
quantum field theory. We are now set to tackle spinors from a more general point of view

and apply it to general relativity.
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3 SPINORS IN GENERAL RELATIVITY

Last Chapter we saw how the concept of spinor emerges as a requirement for
Lorentz invariance in the spin % field equations and investigated how the same concept
appears when one studies different representations of the Lorentz Group. In this chapter,
we are going to study the algebraic properties of the spinor in 4 dimensions, also called
2-spinor or spin vector. After that, we show how we can reformulate Einstein’s Field
Equations in terms of spinors. Our main goal here is to prove the Kerr theorem and with
that make a brief discussion about twistors, and to be able to do that we first review some

topics of General Relativity.

3.1 Spinor Algebra

In this section, we are going to study the spinor algebra and its properties. We are
going to employ Penrose’s abstract index notation when needed [8], where ¢4 refers not to
the spinor’s components, but to the spinor itself. When talking about components, we will

denote it as £A.

3.1.1 Spin Space

Last chapter we arrived at four kinds of spinors and the relations between them,
which we can exemplify here as {4, &4, , €4} and are related to each other by con-
jugation and the spinor metric. Spin vectors 4 are elements of the spin-space S4, a
two-dimensional vector space over the complex field C with a skew-symmetric, bilinear

and non-degenerate inner product [, ].

For such space, we consider a basis, which we call dyad, {o, ¢} such that [o,¢] =

1 = —[¢,0]. That way, we can write any spin-vector ¢ as:
¢= "o+ (M, (3.1.1)
which means that the inner product [,] between two spin-vectors ¢ and n is given by:
[¢,n) =t = ¢y’ (3.1.2)

as a consequence of bi-linearity and the choice of the basis.

We also have the following identity:

(¢, 0T+ [n,TI¢+ [7,{n =0, (3.1.3)
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which can be checked by writing explicitly their components:
(' = )7 + (07— () + (O T ) =0 (314)
which is obviously satisfied.

We denote the dual space of S# as S 4, and denote complex conjugation with a bar, as
in S4 = S4" and S = S, which are the vector spaces of €4, 4, €4 and €4/, respectively. So
e 846, 5,,6Y € S and €4 € Sy are univalent spinors, or a (1, 0; 0, 0), (0, 0; 1, 0),
(0, 1; 0, 0), (0, 0; 0, 1) spinors, respectively. The most general kind of spinor is a multilinear
map §4-ABBa o p i S @8 @S ©85Pi®S0,...© 50, ® Spy... ©Sp, = S

Ay..ApB!..B Ay..A,B!..B . . . )
where £414rB1 ‘..o € GAr-ABi-Ba, copp.py s a (p, q; 1, s) spinor, and (p, q;

r, s) is called the spinor valence.

3.1.2 The connection between tensors and spinors

As stated, the purpose of this chapter is to show the spinor formalism of General
Relativity, and for that to happen we need a way to write the analogous of tensorial
quantities as elements of spin space, such as the metric, the curvature tensor etc. This is

possible by using the van der Warden symbols:

1 11 0 1 |01 1 0 =1 1 11 0
UOAA’:i 7U2AA’:7 7‘73AA’:7 ;‘74AA’:7 )
V210 1 V211 0 V2 101—i 0 V210 -1
(3.1.5)

which can be written in component form as 0% 44 with a vector index that can be lowered

with the metric g.,. As an example of its use, let’s see the spinor version of position vector:

/ ! .
AA o an _ |20 2% 2’ + 2 a 4ir?
X =X00a"" = o | T e 0 sl (3.1.6)
x x T —irt ) —=x
and for a rank 2 tensor, we would have:
a b
Taarpp = Tap0" 440" BB (3.1.7)

From now on, we will employ the convention of not showing the van der warden symbols
explicitly, and follow the rule that each tensor index p corresponds to a pair of spinor
indices UU" wi, so:

Ty = Taaps = Tapap, (3.1.8)

where primed and unprimed indices can be interchanged at will.

3.1.3 The Levi-Civita spinor

Equation (3.1.1) defines the inner product in Spin space, which implies the existence

of a bilinear, anti-symmetric form €45 € Syp such that:

[¢,n] = Con® = eann”, (3.1.9)
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where e,p = —e€py is called the Levi-Civita spinor, and plays a role analogous to the

. . . . . !/
metric tensor in spinor algebra. The same relation exists for S4°, .S, and S4/, and we have:

01 (3.1.10)
€ = , .
S R

-
ean _ | 0 : (3.1.11)

-1 0

and their complex conjugates. With that in mind, we can expand (3.1.4) as:
easC P10 + eapn B¢ 4 eqpm BN =0 (3.1.12)
which can be rewritten as:
(eapec” + epcea® + ECAEBD)CAnBTC =0 (3.1.13)

where €4% = —€8 4 = €40€“P. Now, since ¢,n and 7 are in general different from zero, we

take the term between parenthesis to be zero. That way, we get the following important

identities:
GABECD+€Bc€AD—|—ECA€BD =0, (3.1.14)
€ap€cp + €pceap + €caepp = 0, (3.1.15)
eape’? = e,%g" — g4, (3.1.16)

and the complex conjugate of the three equations are also satisfied. Both (3.1.15) and
(3.1.16) come from index lowering and raising from (3.1.14) and are very useful to calculate

the spinorial form of tensors. Let’s take g, as an example:

Jab = J(ab)
1
= JAA'BB = i(gAA’BB’ + 9BBrAA)
) ) (3.1.17)
= §(QABA’B’ + gappa) + E(QBAB'A' — gABB'A)

= J(AB)(B'A") T J[AB|[B' A")-
Where we interchanged primed and non-primed indices freely, since their order don’t
matter. Now, by applying (3.1.16) to gjap)prar, we get:

1
AN BB = J(AB)(B'A") T ZEABGA’B’QCC (3.1.18)

Which looks a lot like the usual decomposition of a symmetric tensor 7o, = T(4) into a

symmetric, trace free part P4 such that P,* = 0, and a part proportional to the metric:

1
Toy = Pap + ZgachC (3.1.19)
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and indeed it is the same relation but in spinor form. For the metric, we have P,, = 0 and

SO:

Jab = JAA'BB' = €ABEA'B (3.1.20)

which shows that € indeed has a metric meaning beyond just raising or lowering spinor
indices. By an analogous procedure, one can show that the electromagnetic field tensor

F,, = —Fy, can be written as [24]
Foy = Fanpp = —Fppaa, (3.1.21)

which can be written as

1 1
Fanpp = i(FABA’B’ — Fapprar) + §(FABB’A/ —Fpapar) = Fapaws)+ Flappa (3.1.22)

and again, by applying (3.1.16), we have

1 / 1
Fop = §€A’B’FABC’C + §€ABFCCB/A’> (3.1.23)

where from (3.1.21) we have that

!

2045 = Fapcr” = Fpac®, 204 = Fcpa = Fc up, (3.1.24)
and then we write
Fup = ¢apean + dapean (3.1.25)

where ¢pap = ¢(ap) is called the electromagnetic spinor. Note that it only has 3 independent

components

¢0 = ¢007 (bl = ¢10 = (b()la ¢2 = (,b227 (3126)

such that [25]
Pap = $2040p — 2010(alp) + Polalp. (3.1.27)

3.2 General Relativity with Spinors

We will now obtain the spinor form of the Einstein field equations. For that to
happen, we need to obtain the spinor equivalents of the general relativity ingredients, that

is, the covariant derivative, the Riemann tensor, the Ricci tensor and the Ricci scalar.

3.2.1 The Covariant Derivative

Since the covariant derivative is a tensorial quantity, in the sense that it transforms

as a tensor, its spinorial components are given as usual by

Va — Vaa = O'%A/Va. (3.2.1)
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However, its action on spinors is not defined yet. Here, we define the covariant derivative V
of a (p, q;r,s) spinor field as a map into a (p,q;r + 1, s+ 1) spinor field with the following
properties [26]:

VAAIG'IO, VAAIE :0,
. v (3.2.2)
Vaw(17kc) = kcVanm” + 17Vawke, Vawg = 0sn¢.
Also, it can be directly computed by the formula [27]
VAA’HB = 8AA,HB — FgA/BKJCy (323)
where 'S 4/ is the spinor affine connection, related to I'¢, by
C o o ik

3.2.2 The Riemann Tensor

Since our goal is to ultimately obtain the spinorial form of G, = 871y, lets
start with the Riemann tensor. The thing is, as we noted in the case of the metric
tensor, something like R.peqd = Raa'Bpcc'pp is not quite the answer we are looking for.
What we are truly interested in is "breaking" this tensor into smaller parts, that we call
irreducible representations, by making use of its symmetries. For that, we could use group
theoretical arguments straight away and obtain R 4 gp'ccrpp in terms of such irreducible
representations, and, indeed, this is what we are going to do next chapter on the six
dimensional case, but here the relatively low dimension lends us more intuition, and we can
obtain it using Penrose’s kind of pedagogical method [8], [24]. As is known, the Riemann

tensor has the following symmetries:

Rabcd = R[ab}[cd}a (325)
Rabea = Redabs (3.2.6)
Ra[bcd] = 0. (327)
As usual, we define:
Raped = Raaprocpp- (3.2.8)

Now, having the symmetries in mind and repeating an analysis analogous to the one we

did for g,,, we obtain:

Raaspccpp = Xapepeapeop+Papopeapecp+Papcepeapecp+Xapcpeapecn,
(3.2.9)
!

/
where XABCD = %RABE/E CDF' and CI)ABC’D’ = iRABE’EF c'p are called curvature

!

Spinors.
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3.2.3 The Ricci Tensor

Now, the Ricci tensor is obtained from the Riemann tensor by Ry, = R..%,. For its

spinor counterpart, this means:

!

C = - C
Raaspccopp = Xacs €ap — Pappa — Parppa+ Xacp €an
(3.2.10)

Before proceeding any further, let’s take a moment and analyze the curvature spinors

! !
Rawpp = PPePP

symmetries from the symmetries of the Riemann tensor. From (3.2.5) we have:

Xapep = Xap)cp), Papep = Pap)ycp) (3.2.11)

which from (3.2.6) we also get that ® is real.

Now, let’s analyze an specific part of the Riemann tensor called the right dual,
defined as:

1
R*abcd = §€cdefRabef (3212)
and we can also see that (3.2.7) can be written as:
1 * he
Ra[bcd] = _gehbcdR ac =10 (3213)

where this implies that R*,.* = 0. Then we have that:

Z’ ! !/ ! !
. E_F_F__E F_E_E__F ,
R aped = 5(60 €p €c’ €p —e€c €pec” €p’ )RaappEE FF = IRAN BB CD DO
(3.2.14)

From (3.2.9) and paying attention to the symmetries we already know, we see that

R*upea = —iXapepeapeop +i®apcrpeapecn — i®apepeanecp +iXapopeapecn.
(3.2.15)
Now, by doing R*,."¢ = 0, we obtain:
B v B’
Xapc €ac = Xaper €ac (3.2.16)
Now, if we act on this equation with €% ¢4, we obtain
- 1
A=A= 6XABAB, (3.2.17)

which gives us that Xapc? = 3Aeac which also means X454 = X[A‘B‘C]B.

Now we have what we want to finish the calculation of the Ricci tensor. By applying

our knowledge of the curvature spinors to (3.2.10), we finally obtain

Ray = Raapp = 6Aeapean — 2P aparp (3.2.18)
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3.2.4 The Ricci Scalar

For the Ricci scalar, we must only take the trace of the Ricci tensor, that we already

know the spinor equivalent. We have

Al

R =R, = Ry =24\ — 20,4, (3.2.19)
but, as we can see, ® has vanishing trace, since ® 4 A,A/ = P ponc €N = O y0yaon et
0. Then, the Ricci scalar is given by:
R = 24A (3.2.20)

3.2.5 Einstein Field Equations

Now we can see what the spinor equivalent of the Einstein Field Equations look

like. First, we have the Einstein tensor G, which is given by
Ga = Gaapp = —6Aeapeap — 2P aparp (3.2.21)

and since Gy, = 87T, — Agap Where T, is the energy-momentum tensor and A is the

cosmological constant, we have

_6A€AB€A’B’ - 2(I)ABA’B’ == SWTAA/BB/ - )\GABGA’BU (3222)
which, by contraction with 4845 gives
T
A= gTAAA/A +e (3.2.23)

and then, we finally have that the Einstein Field Equations are given by:

1 c

q)ABA’B’ = 47T(TABA’B’ — ZTCCC’ EABEA’B’) (3224)

3.3 Topics from General Relativity

In this section, we're going to talk shortly about some topics of General Relativity

that will be useful in order to present and prove the Kerr Theorem.

3.3.1 The Newman-Penrose Formalism

The first of these topics is the Newman Penrose formalism, which is basically a way
to study the relevant quantities of general relativity with a particular choice of basis. This
basis is given by four null vectors e, = (I, 1, Ma, M,) called null tetrads, where m, and

m, are complex conjugates of one another. We are using lower case latin letters for tetrad
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indices and greek letters for the usual tensor indices. Those vectors satisfy the following

relations:
Il - n=—-m m=1, (3.3.1)

and every other inner product between them is null. That way, we can write the metric as:

01 O 0
1 0 0 0
b = 2(ligny) — mgmy)) = , 3.3.2
Nab = 2(laT0) (@) 00 0 1 ( )
00 -1 0
and we have
ds® = nape’e?, (3.3.3)

where e = e?,dx".

A vector which is written in terms of a coordinate basis can be expressed in a

tetrad basis as:
Vo = €'V = 1,Vo + n Vi + mg Vo + m, Vs, (3.3.4)

In terms of the spin dyad, the tetrad vectors can be written as:

_ A _ A/ _ Al . Al
1¢ = oo n® = A, m® = oMY, m® = 1 AeY, (3.3.5)

where clearly we still have m = m, and {l,n} are still real, while (3.3.5) is obviously
satisfied.

In this formalism, we give special attention to the directional derivatives, which

now have their own symbols, given by:
D =1V, A =nV,,6 = mV,,§ = mV,. (3.3.6)
Now, since we can have 014 = ¢ where ¢ is a complex constant, we have that
0*'Viy = 1"Voy, (3.3.7)

where V is any of the directional derivatives defined previously. With that in mind, we
can define a set of 12 scalars called connection coefficients defined as:
0"Doy =k, o*Nos=71, 04604 =0,
04804 =p, 0*Dis=c¢€, 0 Aiy=nr, (3.38)
04%ua =0, otoiu=a, *Diy=m, o
AL =1, A0y = 14, Aous =\
Now, these scalars satisfy a set of 18 coupled first order differential equations which also
involve the Ricci and Weyl spinors, as well as the Ricci scalar, and this set is called The

Newman-Penrose field equations. We will not go into further detail here, since they wont
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be used on this work, apart from commenting that they are quite useful on the study and
search for solutions of the Einstein Field Equations. The equations and their applications

can be checked in [25] and [28].

The equations that we are interested in are those differential equations satisfied by
the null tetrad, the differential operators defined in (3.3.6) and the connection coefficients.
Those are:

Dl = (e+ €)l — km — km, Al = (y+¥)—7Tm—Tm,

ol = (a+ B)l — pm — om, Dn = —(e+ é)n+ mm + wm,
An=—(y+3)n+vm+om,  on=—(a+B)n+ um+ \m, (3.3.9)
Dm =7l — kn+ (e — €)m, Am =vl—T1n+ (y—7)m,

om = AN —on+ (8 —a)m, om = jil — pn + (a — B)m.

The point of introducing the Newman-Penrose formalism here was so that we could
define all the quantities needed to present this set of equations, which we will use on the
next topic. As an example of the use of this formalism, the source-free Maxwell’s Equations

can be written as [28]

D¢y — by = (7 — 2a) o + 2pdy — Ko, (3.3.10)
Doy — 61 = =g + 21y — (p — 2€) o, (3.3.11)
Agy — 0y = (2 — p)do — 271 + 0ba, (3.3.12)
A¢y — 6y = vy — 2uy + (28 — T)ba, (3.3.13)

where ¢; are the ones defined on (3.1.26).

3.3.2 Null Shear-Free Congruences

The advantage of the NP formalism is that by making physical requirements about
spacetime, we get certain constraints on the connection coefficients, and those will be true
for any solution of the Einstein Field Equations that share the same requirements we did
in the first place. Our requirement in this work will be that the spacetime admits a null

shear-free congruence.

A null geodesic congruence I' in a region U of a spacetime M is a set of null
geodesics such that through each point of U passes one and only one null geodesic. We

can define [* as the tangent vector of the congruence, which obeys the geodesic equation:

DI* =0 = 0"Doy, (3.3.14)
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where we also see that k = 0 and € + € = 0. We also propagate the spin dyad along I' by
the conditions:

Do = DA = 0. (3.3.15)

Now, lets define another vector w with the condition:
Liw* =0, (3.3.16)

where £; is the Lie derivative with respect to the vector field I, and its action on another

vector field w® is defined as [2]
Liw* = 1"V — wPVl°, (3.3.17)
and then, condition (3.3.16) gives us
Duw® = wV,l". (3.3.18)
Now let’s consider that at a point p, w and [l are orthogonal. Then, we have that
D(l°w,) = 1" Dw, = 1“w’Vyl, = ;wbvb(zaza) =0, (3.3.19)

which guarantees that w is always orthogonal to I'. With that, we can construct the vector

w as a linear combination of the null tetrad vectors:
w = ul® 4+ zm* 4+ zm?, (3.3.20)

where n® is absent since [,n* = 1 and we want [,w® = 0. Now we compute Dw* expressing

w with the spin dyad

Duw® = wVyl® = 026" Du+02t" Dz+146% Dz = z0"60™ + z2p™ 0™ + 20%60" + 20" 60™,

(3.3.21)
which, by contracting with o414 we get
—Dz = Z0400" — z0460", (3.3.22)
and by substituting the connection coefficients defined last section, we get:
Dz=—pz—o0Z (3.3.23)
where we used the fact that 040" = 0 and so
V(040") = 0*Vo, + 0aVot =0 = 0'Vou, = —04Vo. (3.3.24)

We obtained an equation that tells us how z behaves along I', and this behavior is related
to the connection coefficients o and p and also to the complex conjugate of z. Considering

that z = x + iy, lets analyze some cases.
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p = Re{p},o=0:

Dz = —pzx, Dy = —py, (3.3.25)
p=—iw,o0=0:

Dx = —wy, Dy = wz, (3.3.26)
p=0,0=Re{c}:

Dx = —ox, Dy = oy. (3.3.27)

If we follow a circle in the plane defined by {m,m} along I', (3.3.25), (3.3.26) and (3.3.27)
represent an isotropic expansion, a rotation and a shear, respectively, as can be seen by
integrating those equations. Geometrically, the shearing of the circle means that it will

turn into an ellipse.

The general case will then be a combination of these behaviors, but when studying
solutions of the Einstein’s Field Equations, we can start by making the requirement that

o = 0, for example, meaning that such solution will have shear-free geodesics.

3.3.3 The Kerr Theorem and Twistors

Let’s now consider the case of the null shear-free congruence defined last section in

—_R/
AOB A BB

. o . —R/
Minkowski space. Since 04 Doy = 04086 Vgpoa = 0 and 04604 = 020P1%' Vpos = 0,

we can write both conditions with the equation:
01oPVgpos = 0. (3.3.28)
Now, let’s write 0# in terms of a normalized constant dyad {a?, 54}:
ot = Aot =YY (3.3.29)
where o = (1,0) and 84 = (0,1). Now (3.3.28) reads
VouY —YVi4Y =0. (3.3.30)

By using coordinates such that ds? = dudv + dzdz, the equations become:

oy oy oy oy

o Yoo = o5 " Y5o =0 (3.3.31)

These equations can be solved by the method of characteristics [29], and their

solutions are given implicitly by any analytic function of three variables satisfying
FY,u+zY, oY —2,Y) =0, (3.3.32)

which can also be written as

/

f(=iz*%oa,0p) = f(Z2%) =0, (3.3.33)
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where f is a homogeneous function such that:
F(a,b,c) = f(—ia, —ib,c,1). (3.3.34)

This is called the Kerr Theorem, which states that the general null shear free congruence
in Minkowski space is defined by f(Z%) = 0, where f is an arbitrary homogeneous analytic

function of four variables.

Even though our analysis was conducted on Minkowski space, the Kerr theorem
allows other kinds of space time. Among the important solutions of (3.3.32) are a class of

spaces known as Kerr-Schild, with metric defined as [30]
9ab = Gab — 2Slalb7 (3335)

where g,;, is a maximally symmetric space, S is a function and [, is a null GSF 1-form.

This class of metrics is given by the choice that (3.3.32) is given by
F=¢ )+ (¢+pY)(u+2zY) - (c+qY)(vY —2) =0, (3.3.36)

where p and ¢ are real constants, ¢ is a complex constant and ¢(Y") is an arbitrary analytic
function of Y. The function S is given in terms of Y by

S = —%P‘g(p—l—ﬁ) P=pYY +qY +q¥ +c. (3.3.37)

One of the important solutions given by this class is that of the Kerr black hole. In its
Kerr-Schild form, the metric is given by

3

d — d
ds® — —dt2+dx2+dy2+dz2+L(dt+(Tm+ay) xr + (ry — ax) y—i-i
rt + a222

r? 4+ q2 r

dz)%, (3.3.38)

with r defined implicitly by

24y’ 22
e 2 1. (3.3.39)

This solution is achieved by the particular choice
¢ =—iaY, q=0, p=c=2"72, (3.3.40)

and now m and a are identified with the mass and angular momentum of the black hole,

respectively. For a proof of the Kerr Theorem on a Kerr-Schild background, see [31].

Equation (3.3.33) also defines something called twistor, which we denoted by Z*
on (3.3.33). Here we will look only at its basics, for more complete accounts see [32], [33]

and [9]. The twistor here is defined as the pair of spinors given by
7% =74, 7%, 73, 7") = (v, 7a), (3.3.41)

where
7' =W, 7P=uwt ZP=my Z' =Ty (3.3.42)
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We can also define the dual twistor W, = (A4, #*') and the twistor conjugation where

— / —

Zo= (ma,@0™) Wy = (" ), (3.3.43)
with that we can define an inner product in twistor space

ZoW, = whg + pmar. (3.3.44)

Another way to define a twistor is given by the differential equation on a field

wi ()
Varw? = —idBnu, (3.3.45)
which is known as the four dimensional twistor equation [9] and, in flat space, has the

following solution:

wA(z) = w — iz Ty, (3.3.46)

where w?(0) = w” and 74 are the constant spinors that define Z*. Now, let’s consider

the points of complexified Minkowski space such that w?(x) = 0
w? =iz, (3.3.47)
this equation represents the set of points given by
A4 = g 4 gAY, (3.3.48)

with x4 a varying spinor and x{)‘A/ a constant position spinor. This set of points defines a
totally null complex 2-plane called an a-plane. Now, we define a null electromagnetic field
as the one such that F,; F®* = 0, it will be self-dual if

Fop = dagpeap, (3.3.49)

and anti-self dual if
Fop = dadpeas. (3.3.50)

If we have a self-dual null Maxwell tensor of the form
Fop = ponop€ap, (3.3.51)

we see from (3.1.26) that ¢g = ¢; = 0 and ¢ = ¢ and so, from the Maxwell’s equations,
we get that 0 = k = 0, and so, DI* = (e+€)l*. This is called the Mariot-Robinson theorem,
and it states that if F; is a null electromagnetic field, then its repeated null direction
generates a null GSF congruence [25]. Since we can use a simple null bivector to describe
a null plane [34], the Mariot-Robinson theorem connects the existence of null 2-planes and

null GSF congruences.
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4 SIX DIMENSIONAL KERR THEOREM

In this chapter, we are finally able to study the ideas from [1]. Here, we are
concerned with six-dimensional spaces, and we will have a different approach to topics
that we already encountered before. We will start by, again, establishing a correspondence
between spinors and tensors, so that we can obtain the spinor version of all the quantities
needed in our discussion. Here, we also introduce the idea of an isotropic subspace, e how
its existence is related to the Kerr theorem. We will talk about twistors in six dimensions
and how the twistor equation constrains the Weyl tensor algebraically, and then return to

the Kerr-Schild family of metrics and show that it exhibits this property.

4.1 Spinors on Six Dimensions

So far, we have studied the spinorial formalism in 4 dimensions and noticed that
there are two copies of SU(2) in the Lorentz Group. The key for studying spinors in six
dimensions is noting that there is an isomorphism between SO(6) and SU(4), both having
15 generators. This can be seen from the fact that the Clifford algebra for SO(2n) is made

from 2n gamma matrices that are 2" x 2" each [23]. So, analogously to (2.6.15), we define

7 = ="y, (4.1.1)
and with that )
Py = 5(1 + 49), (4.1.2)

which again decomposes the Dirac spinor % into its left chiral part and right chiral part,
but this time the Dirac spinor has 22 = 8 components, and so each part will have four
components. That way, by applying Py on the transformation 1" = e™w5" 4 (see (2.6.2))
we get

Pyap = emS" Piah = (emS" PyL)(Piab), (4.1.3)

where we used that Py P, = P.. From that, we get
= (e PR, gy = (e Py, (4.1.4)
This means that the general Lorentz transformation in each spinor space is given by
Ag = e™mwS™ py (4.1.5)

which has 15 independent transformations and defines a set of 15 hermitian, unit de-

terminant 4 x 4 matrices, which is exactly the definition of SU(4). Now, instead of two
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component spinors as in SO(3,1), we will have four component spinors that transform
according to:

= = U pe (4.1.6)

Ca=C=Ua"Co, (4.1.7)

where U is an SU(4) matrix defined by (4.1.4) and U its complex conjugate [23]. Note
that there are no primed indices here, since that there’s only one copy of SU(4) in the
isomorphism to SO(6), where in the four dimensional case we have two copies of SU(2) on
the isomorphism with SO(4). We denote the spinor representation by 4 and its complex
conjugate by 4, where the corresponding spinors have an upper index or a lower index,
respectively.

We now pose the question: how do we go from vectors to spinors in six dimensions?
To answer this, lets define the totally anti-symmetric symbols of SU(4), expcp and eABCP,

and see how they transform:
— P- Q~ R~ S
€eapcp = Ua Up Uc Up epgrs = det Ueapep = €apep, (4.1.8)

where we used the defining condition for a SU matrix that det(U) = 1. Now that we see
that eapcp is invariant under SU(4), and the same happens for e8P then it might be
related to the metric of the Euclidean space, which is invariant under SO(6). That way,

the inner product must be defined as:
1
Vug,uuvy = ivABeABCDVCDa (419)

where VAP = V148l is given by

AB __ vAB
VAE = APy, (4.1.10)

Clearly, V# and V4P share the same number of components, and since we also have that

1

VAB = 5eABCDVCD, (4.1.11)
1 cD

Vap = §€ABCDV ; (4.1.12)

then we can go from V48 to V5 by only making use of € and without complex conjugation.

So, for both VA2 and V45 we have the same representation which we denote by 6.

4.1.1 Higher dimensional irreducible representations of SU(4)

It is also of interest to build higher dimensional irreducible representations of SU(4),

irreps for short, if we want to express SO(6) tensors in the spinor formalism. For example,
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an antisymmetric tensor 7% = T[% has 15 independent components, so we should look
for a 15 representation in SU(4), and we can do this by taking direct products of smaller

representations.

Equation (4.1.10) tells us that the corresponding SU(4) tensor of a SO(6) rank two
tensor should have the form THBICP] = SABY,EDTab  which means that this tensor is in
the 6 ® 6 representation. Note, however, that 6 ® 6 = 36, so the idea is to “break” the 36

representation into a sum of irreducible representations [12].

As usual, we can write a tensor from SO(n) as a sum of its symmetric and anti-

symmetric parts and its trace. For a general rank two tensor from SO(6), we have:

1
7% = — 5% 4 A% 4 B (4.1.13)
~— 6 ~— N =~
36 1 15 20

where A% = Tl and B = T(®) with B*, = 0. Then, we have:

606=10150 20. (4.1.14)

This is hardly striking news, and SU(4) didn’t really have any special input on.
For that special input, now consider the 4 ® 4 representation, which is made of objects of
the form T45. Again we are invited to take out its trace and, in the absence of further

symmetries, we are left out with
44=1¢15. (4.1.15)

The presence of 15 here means that in SU(4) an anti-symmetric tensor A% transforms as

A4, where AP = 0. This means that A4B¢P = A% can be written as

AABCD _ fIA BIECD _ AC | DIEAB (4.1.16)

which can also be expressed by:

AAB — }AACDE

4 €CDEB- (4117)

This comes from the requirement that AABCP = AMBICD] — AICDIAB] — AIABICD] ap( the
fact that € is invariant under SU(4). The spinor representation of B® = B will be
given by [35]

B® =B*., Bz =0. (4.1.18)

This is the basics of building higher dimensional irreducible representations for
SU(4). For higher representations, the idea is the same: explore the symmetries and take
out the trace to express the tensor in its irreducible parts. The larger the dimension is, the
harder it gets, so the use of Young Tableaux [36] is usually employed. For further details
into SU(4) and its representations we refer to [37] and [3§]
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4®4 = 6310
4®4 = 1315

6®6 = 1915320

1010 = 1415684

1515 = 1150150200450 45 @ 84

Table 1 — Some useful irreps of SU(4)

As one example of interest, lets obtain the spinorial equivalent of the Riemann

tensor from Table 1. The Riemann tensor can be defined by:
(VasVep — VepVap)k? = Rapep” prt (4.1.19)

where we note that R has the same symmetries in {ABCD} as an antisymmetric tensor
Ay has on its four spinorial indices. So, from (4.1.17), we can write R as
1

RABCD == ZEEFGCRAEFGBD. (4120)
Before going further, note that one of the irreducible parts of the Riemann tensor is the
Weyl tensor, which on n dimensions has C,, = {5(n+ 1)(n +2)(n — 3) components [39]. So,
for n = 6, the Weyl tensor is in the 84 representation, then we must look for representations
that have 84 as one of its irreducible parts. On the other hand, the Riemann tensor has
R, = 71‘—;(712 — 1) components [40], which gives Rg = 105 in six dimensions, so by taking a
look at 1 we see that 10 ® 10 is too small for R to fit in, so we go for 15 ® 15, where we
see that 1 & 20 & 84 add up to 105 as we need, being the trace, the antisymmetric and

symmetric parts of Rap®?, respectively.

Rap? = MN0G58 — 46765) + ® 4P + W 457, (4.1.21)

where A, as in the four dimensional case, is related to the Ricci scalar, ® 4 5P = D 4B [CD]

with ® 45 = 0 is the spinor analogue of the Ricci tensor, and VP = \IJ(AB)(CD) with

A

U 45" = 0 is the spinor analogue of the Weyl tensor.

As a quick wrap up, Table 2 has the spinor analogues of the SO(6) tensors we will

consider in this work [35].

4.1.2 Null Vectors

As in the four-dimensional case, we can write a vector as a tensor product of two
A

spinors. First, lets choose a spinor basis ;' normalized such that:

eapopki KBRS KY = 1. (4.1.22)

Then, we can expand any vector as a combination of totally antisymmetric tensor products

of K;:

V = a1k A Ko+ ok A Kg + a3k A Ky + uko A K3 + asko A Ky + agkg A Ky. (4.1.23)
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SO(6) Tensor Corresponding SU(4) Tensor
VH VAB — V[AB}
A = A AT AB, =0
BH — B(;w) BABCD; BABCB =0 .
Twwe — Tl rAPC, = TABSL] 4 3T pePAPC,
ABC  _ 1 pCBAEFG,
D= 13 EFGD
Ruupg = —Ryupg = —Ruyap = Rpa'y,l/; RABCD; RABAD — O, RABCA — —15/\5%
Ryfupo) = 0
C,uupa = _sz,upa = _C,ullap = Cpo,ul/; CD __ (CD). AD __
Cu[upa] =0;C,” =0 Cas™" = C(AB)  Cas™ =0

Table 2 — SO(6) tensors and its SU(4) equivalents
Now, note that if the expansion does not involve all of the basis spinors &;, then the vector
will necessarily be null. Let’s build a vector using only {k1, ko, K3} as an example:
VAR = a1k AP+ gkt A KE + agkdt A KD (4.1.24)
Now, we calculate Vap = teapcpV . From (4.1.22), we have:
Vap = q1€ap12 + Q2€ap13 + (364823, (4.1.25)

then, we have the inner product given by:

1
V,VH = 5VABVAB =0, (4.1.26)
because of the total antisymmetry of e4pcp. We can also recast (4.1.24) as:
VA = (kg + “2105) A (arkz + asrg) = xH€D), (4.1.27)
Qo

so as in the four dimensional case, a null vector can be expressed as the outer product of

spinors. Now, consider a general spinor given by:
kA = ari + brd + kg + dry. (4.1.28)

We can build a set of null vectors by doing outer products of this spinor with the basis
spinors in the following way:
VAB = AR5 (4.1.29)

]

Even though there are four elements in the spinor basis, there are only 3 linearly independent

vectors defined by (4.1.29) as can be easily checked from

VIAB _ _ZV'?AB B 2 3AB - Z 4AB. (4.1.30)
Note that every vector in this subspace is a linear combination of the null vectors that
generate it, and since a linear combination of a null vector is also a null vector, this null
subspace is called isotropic 3-plane, and it’s relation to the Kerr theorem will be discussed
up next. The spinor x4 is then associated with the null subspace generated by the set of

three vectors {V;}, and a spinor with such property is called pure spinor [19,41,42].
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4.2 The Kerr Theorem in 6 dimensions

Last chapter we obtained the Kerr Theorem by studying the congruences of a
submanifold in Minkowski space. This time, we approach it differently, and first we need

to talk about distributions and integrability.

Consider a n-dimensional Manifold M endowed with a metric g, an m-dimensional
distribution [38,43] is a map that associates to every point p € M an m-dimensional vector
space U, € T,M. If a set of vector fields {V;} span the vector space U, ¥ p € M, we say
that they generate the distribution, which is said to be integrable when there exists a

family of submanifolds of M such that their tangent spaces are U,,.

Now, given a set of m vector fields {V;}, then the tangent space can be described
by {V;, W,}, where {W,} is a set of (n —m) vector fields. Also, we have the dual frame
{9, w’} with the relations 9 - V; = w'- W; = ¢} and 9" - W; = w’- V; = 0. The Frobenius
theorem says that the distribution generated by the set {V;} is integrable if, and only if:

dw* AW AW AL AW =0 VEe{l,..,n—m}. (4.2.1)

The Frobenius theorem as presented here is in its dual formulation. For a more complete

account, see [43].

Now, back to the case at hand, let’s see how the Kerr theorem, defined before as an
implicit solution to all NSF congruences in flat space, relates to the problem of existence
of integrable null distributions. We begin with flat 6-dimensional space with signature

(—,+,+,+,+,+) and coordinates given by:
ds® = dudv + dz,dz, + dzodZzs. (4.2.2)
Then we start with the following fields of null 1-forms [44]:
eo = du+Yidzy +Yidz — YiY'dv, e =dz — Yidv. (4.2.3)

According to the Frobenius theorem, these null 1-forms will determine an integrable
distribution if they satisfy (4.2.1). Then, the condition that deg A eg A e3 A ea = 0 gives us

the following equations:

Y+ Y20,V Y10 Y — YV, Y —YIV20,Y2 + VIOV +Y20,Y? =0, (4.2.4)

0Y2 +Y20,Y? + Y10,V YV, Y' —Y?Y20,Y2 + Y'Y +Y20,Y? =0, (4.2.5)

KLY -0 Y 4+Y10,Y? -Y?9,Y' =0, (4.2.6)



Chapter 4. Six Dimensional Kerr Theorem 46

Y20,Y' +Y20,Y2 - Yo, Y2 + Y20,V + Yo YY)

_ o (4.2.7)
YO, Y2+ Y0,V + Y0 Y2 - Y20,V + Y?0,Y?) = 0,
and the conditions de; A eg A ey A e = 0 give:
0Y' ' —Y'9,Y" =0, (4.2.8)
DY —Y?9,Y" =0, (4.2.9)
Y20,Y' - Yo' = 0. (4.2.10)

These equations can be solved, but first they must be decoupled. Note that (4.2.8) and
(4.2.9) imply (4.2.6) and (4.2.10). We also see that if we multiply (4.2.8) by Y and set
1 =1, we get:

Yoyt —ytyto, vt =o, (4.2.11)
which gets rid of two terms in (4.2.4). If we multiply (4.2.8) by Y2 and set i = 2 we get
Y20,Y?2 - Y?Y'9,Y? =0, (4.2.12)

which gets rid of another two terms in (4.2.4). By doing the same thing between (4.2.5)
and (4.2.9), we get the decoupled equations given by:

(0, —Yi0,)Y =0, (8, +Y'9,)Y’ =0, (4.2.13)

for 7,7 = 1, 2, and their complex conjugate. We recognize the resemblance of these equations
with (3.3.31), and indeed they can also be solved by the method of characteristics [29],

whose solution is given implicitly by:
FYLY2 oY — 2, 0Y2 — 2, u+ 2,V + 5Y?) =0, (4.2.14)

where I is an general function of five complex arguments. To obtain the spinoral interpre-

tation as we did last chapter, let us introduce the spinors:

y! Y?
Y2 _?1

KA = . R = N (4.2.15)
1 0

which, as seen, generate the null vector k% = k%8, and 54 is related to x“ by:

= B*%ky, B=1®i0% (4.2.16)
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where B amounts to a choice of a real slice of SU(4), which in turn gives k% = k&P as a

real vector. Now, we introduce the position vector x5 = ¥/j 5, in spinor space given by:

0 v —21 —2Z9
_ 0 -z
vap=|_ 2 7 (4.2.17)
Z1 2 0 U
z —z1 —u 0
so we can write (4.2.14) as:
F(k%,&5) =0, (4.2.18)

where €4 = z,45K5. Because of the antisymmetry of 245, we see that (4.2.18) needs
only to be defined for k4¢4 = 0. Again, this defines implicitly the notion of a twistor

7% = (k*,£p), and its equation will be investigated shortly.

4.3 The Kerr Theorem in Generic Even Dimensions

Lets now make a more generic discussion about the Kerr theorem. A flat, n = 2m-

dimensional Lorentzian metric can be expressed by null coordinates as

m—1
ds® = dudv + Y dzdz;. (4.3.1)

i=1
In such manifold, we will have the null 1-forms that determine an integrable distribution

defined in a analogous way

eo =du+Yidzy +Yidz —Y;Yidv, e;=dz —Yidv, i=1,2,...,m—1 (4.3.2)

Y

where we see that a 2m-dimensional space will have at maximum a m dimensional null
integrable subspace defined by the m null 1-forms, and as such are called maximally
isotropic subspaces. (4.3.2) together with the Frobenius theorem will now lead to the

differential equations
(0, —Y'0,)Y =0, (0,+Y9,)Y' =0, i,j=1,..m—1 (4.3.3)

and their complex conjugates. Their solutions will, again, be given implicitly by a homoge-

neous function of 2m — 1 complex arguments [29]
FAY"} {vY" =z}, uzY'") = 0. (4.3.4)

Note that, for the four dimensional case, we have now arrived at this result from two
apparently distinct starting points that are actually equivalent, that is, the requirement
that k = 0 = 0 determines the existence of (4.3.2) that spam an integrable distribution
and vice versa. Defining and working with the Newman-Penrose spin coefficient method in
higher dimensions can be cumbersome, since there’ll be a lot more directional derivatives,
more spinors in the basis, and consequently, more coefficients, so starting with the null

forms defining the distribution is more reasonable.



Chapter 4. Six Dimensional Kerr Theorem 48

4.4 Isotropic Subspaces

Now, we show how we can define an n-dimensional isotropic subspace through a
simple null n-form [38]. In the four-dimensional case, for example, the maximally isotropic
subspace would be a 2-plane defined by B = ¢y A e;. In six dimensions, however, we have
three different 2-planes defined by the 2-forms By = ey Aey, By = egAeg and By = eq Aes
and one 3-plane defined by T = ey A €1 A es, let’s see how these are expressed in spinorial
language in a discussion that follows [35].

For a one-dimensional isotropic subspace, we would need only a null vector to fully

(A

describe it, so this space is said to be generated by V# = 478l as described on our section

about null vectors in six dimensions.

For a two dimensional isotropic subspace, we need two null vectors {V{* VJ'}
satisfying Vi, V{* = Vo,V4* = Vi, V§' = 0 so that B* = Bl = VIV, In spinorial
language this would read

BW — BABCD _ l(g[AT/B]g[CKID] o g[C,’,’D]g[AKB]) (4 4 1)
5 , 4.

_ 1 pAEFG
_4B

but since a anti-symmetric bivector [45] can be expressed by B4p €grap Where

B4, =0, we obtain
1
BAB = éfA(EBCDEécT]DKE>, (442)

where we write v = %GBCDEgan kF. For a three dimensional isotropic subspace, we
will need three vectors {V{*, V3, V{'} satistying V;, V' = 0,Vi,j = 1,2,3 so that TH* =
Tlvel = VImyr Vel Since the three vector will be equivalent to the pair (T48, Typ) from

Table (2), there will be two ways to achieve this:
1) V# = f[AnB}’ VI = f[A/iB] and VI = é&[AXB]7 where

(T4, Tap) = (£7€7,0), (4.4.3)
2) VI = AnBl Vi = (kB and V' = ik, where

(T*?,Tap) = (0,7478), (4.4.4)

and v4 = eapcop&PnCKkP. TABC as determined by (4.4.3) is a self-dual tensor, while (4.4.4)

is an anti self-dual tensor.

4.5 Six-Dimensional Twistors

Here, we discuss a few general facts about twistors in six dimensions in comparison

with the four-dimensional counterpart and its relation to integrability of 3 planes. We
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start by remarking that, as in the four-dimensional case, for a flat spacetime the twistor
equation [46]
VABFLC = W[A(Sg] (451)

has the solution x4 = ¢4 + 24871 which defines the object we call a twistor Z* = (k, 1)

with an inner product defined by
Z°W, = kg + mpeP (4.5.2)

for a twistor W< = (£, \4), in complete analogy with the four dimensional case.

Now, as we saw last section, the subspace generated by the 3 vector Ty, = Tap,
which is completely determined by the pair (T4, TAB ), is an self-dual isotropic 3-plane
when 748 = 0 and T8 = k4kP. From the Frobenius’ theorem, this will determine an

integrable distribution if:
VTP = VprkC =0 = k2V sk’ = —kV 4pr?, (4.5.3)

which can be solved by the six-dimensional twistor equation (4.5.1) for T4 = 0, as can

be seen from

1
KAV gk’ = /{AW[A(S]% = —§I{C7TB = —kOVapra. (4.5.4)

Now, the Ricci identity (4.1.19) gives an integrability condition for x*:

(VasVep — VepVap)k” = Rapepr” k", (4.5.5)
and, by contracting with e2¢P¢ we get
e"PE(VapVep — VepVap)s® = Rap®Pr” (4.5.6)

where, as we defined previously, Ry5" = ¢"“H#°R 4paup”. Now, by using that (4.5.1),
we have

GBCDG(VABW[Cég} — VCDW[A(Sg]) ==
(BCEG (BEDG (ECDG (BCDG : (4.5.7)
E
= Vapmo — Vapmp — Vepma + T5AVCD7TB

which leads to

EBCEGVABT(C — EBEDGVABT(‘D — EECDGVCDTFA + EBCDG(SEVCD’R'B = QRAFGEKJF. (458)

Now, by contracting A and E, we will have R,»%* on the right side, which by (4.1.21) we

know to be
BOACY yprie — €PAPON ypmp — eACPCY opa + 4ePCPEY cprg = —30/\5ng, (4.5.9)
which, by assigning the right letters to the summed indices, we get:

eBOPY ypmo = —6AKP. (4.5.10)
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The anti-symmetric part of the left hand side gives us

VapTe = —Neapopk®. (4.5.11)
which we can contract it with eABFF we obtain
VAP e = —4AG4 &P, (4.5.12)

Now, by taking the symmetric traceless part of the EG indexes in (4.5.8) we get an

algebraic condition on the Weyl spinor
Pk =0, (4.5.13)

and by doing an analogous analysis to m¢ and using (4.5.12), we obtain the similar
condition
Uup%g = 0. (4.5.14)

With a more unifying view, we see the Weyl spinor W45 as an operator that has the
twistor Z¢ = (k, m¢) as an eigenvector with zero eigenvalue. Spinors with the properties

(4.5.13) and (4.5.14) are called principal spinors.

4.6 Symmetries and Quaternions

As seen, the Kerr Theorem defines an integrable 3-plane generated by the spinors
{k4, (p}. Since our study of integrability is concerned with the 3-plane, we can ask ourselves

what is the set of transformations that leave the plane invariant, and that would be
kY = ar + B¢, (g — ol + Bkp. (4.6.1)

Since a linear transformation on the generators of the plane defines the same plane. This
transformation can be understood in terms of quaternions, so lets first review the properties
of its algebra H. A quaternion [47] ¢ € H is a set of four real numbers {qo, ¢1, ¢2, g3} written
in the form

q=qo+ qi + g2 + gk, (4.6.2)

where {i, j, k} are Hamilton’s imaginary numbers that obey
it =% =k =ijk=—1. (4.6.3)

Now, a set of four complex numbers {z1, 2, 23, 24}, we can embed them into a pair a
quaternions by doing
(21, 22, 23, 24) = (21 + J22, 23 + jza) (4.6.4)

which is a quaternion since z; = 2] 4 iz}, where {2}, 2} € R, so

» ™7

(21 + J2o, 23+ j2a) = (27 +i2] + joh — k2l 25 +izy + jzy — kzy) (4.6.5)
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so indeed we have (21 + j2a,23 + jz1) = (a,b) where {a,b} € H. This allows us to see

symmetry (4.6.1) as a right multiplication by a quaternion ¢ = « + 5 on the spinors
ar® + BCA

(k4,(B), so that
A
LB}  |al + BRp

So, in six dimensions an integrable 3-plane corresponds to multiple spinors related to each

(4.6.6)

other by (4.6.6) through the choice a quaternionic line. This means that the Kerr theorem

defines a function F on HP!, the one dimensional quaternionic projective space [48].

4.7 The Kerr-Schild Class of Solutions

An important family of spaces satisfying the Kerr theorem, and consequently

allowing for a principal spinor, is given by the Kerr-Schild spaces, defined by the metric
Jab = gab - 2Skakb7 (471)

where g, is a maximally symmetric, S is a function of the coordinates satisfying DS =
k*V,S = 0 and k® is a geodesic, shear-free null vector field with respect to g.,. Those
informations are actually not stated beforehand, but obtained through the field equations
[49, 50]. Now, defining the covariant derivatives associated with each metric V g, =
VaGse = 0, their relation is given by the relative connection C¢, between the derivatives

defined as

(Va - va)wb = Cgbwc (472)
and given by [40]
1 _ _
b= 59 UV abd + Vigad — Vagas), (4.7.3)

which, by inserting the metric (4.7.1) and using the defined properties of S and k,, we get
© = (VaS)kky + (VS)khy — (VoS kaky + 25(DS)kkaks. (4.7.4)

With that, we use that Ricci identity to compute the relation between the Riemann tensors

of each metric

Rabc Wqg = (V Vb — va )

= (Va(Viywe — Cfwg) — Vb(?awc — C%wy)) (4.7.5)
= (Rabc v deCVngc + Csccgb leccga)

= d, : .
where R, is maximally symmetric, so:

Rabcd - (gacgbd - gadgbc)' (476)

R
30
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So, by lowering ‘d’ on the Riemann tensor, applying the properties, and using (4.7.4), we

get

_ R ) ) _ _
Rapeq = Rapea — Bs(k[agb]ckd — kaguake) — 2ka(VyVeS)kg — 2k (Vy VaS)k..  (4.7.7)

Now, the Weyl tensor in 6 dimensions is defined as [39], [2]

1 R
Cabed = Raped + Z(Radgbc — RacGba + Rac9ab — RpaGac) + %(gacgbd — GadGbe),  (4.7.8)

with that, we compute Clpegk’k? and obtain
bp.d cpa R
Cabcdk E* = Rabcdk k® — %kakca (479)
and from (4.7.7) we see that Rupeqk’k? = Rapegkk® = %kakc, SO
Coapeak’k® = 0. (4.7.10)
Now, the Weyl spinor is given by
‘IJAEU = C[AB][CD][EF][GH]EBCDIEFGHJa (4-7~11)
so, in spinorial language, (4.7.10) translates to

" KARPIRIERE] = 0, (4.7.12)

where we wrote k* = k[4&Pl. If we complete {x?, K8} to a basis such that 48P =

KARE ()¢ (7*)P), then we also have
\IIAEIJ = \I/AEIJT('[[ﬁ'B]TF[Jﬁ'F], (4713)

these two equations constrain the Weyl tensor so that ¥ 45" kF = 0, as we concluded last

section.
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5 CONCLUSIONS

As seen, the study of spinors makes for an important tool in general relativity and
can lead to a variety of techniques that can help us discover new solutions of Einstein’s
field equations or to better analyze existing ones. However, the spinor approach doesn’t
generalize trivially to higher dimensions, and a more careful study of symmetries of the
space considered in terms of representation theory is necessary, so the spinor formulation
of general relativity will have different subtleties in each different dimensions, but besides

that, the Kerr theorem can be generalized to arbitrary even dimensions [51].

The study of integrable planes, both in the four-dimensional and the six-dimensional
case, led us to the concept of a twistor, and its equation was showed to restrict the Weyl
tensor, a property shared by the family of solutions known as Kerr-Schild spaces. This was,
however, a somewhat trivial example which is already well-known in the literature, and we
hope to address other cases in the future. The choice of studying physics in six dimensions
could be seen as kind of arbitrary, but since the latter half of the last century, higher
dimensional physics was shown to be an invaluable laboratory for theoretical physics and,
in particular, the study of integrability in six dimensions is interesting because it can be
applied to lower-dimensional, conformally flat spaces such as AdSs, where it will be seen
as embedded in a higher-dimensional space. An important case is the one where we have
a (4,2) signature, so the symmetry group is given by SO(4,2), which can be seen as the
conformal group for four-dimensional Minkowski space, and twistor methods find their

way on applications to the AdS/CFT correspondence [52].

The twistor programme was used by Penrose to describe solutions of wave equations
and of massless fields in twistor space by making use of what we call the Penrose transform
9], so we want to check if this idea can be used in six dimensions and how it connects to
these lower-dimensional embedded spaces. That being said, we worked in a (5, 1) signature,
but the results could be generalized by working with a complexified space and then taking
the suitable real slices by imposing complex conjugate relations between the coordinates
38].
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