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Abstract

There is a remarkable isomorphism between a pair (metric, spinor), and a certain collection of
differential forms on a manifold M. This isomorphism holds for numerous examples from four
dimensions to eight dimensions.

In this thesis, we aim to understand reductions of the spin-frame bundle to various orbits of
spinors on a spin manifold, called spinorial G-structures, and then develop a schematic for explor-
ing the most “natural” second-order partial differential equation on the collection of differential
forms arising from a pair (metric, spinor).

The first part of the thesis deals with real and complexified stabilisers of Weyl spinors.
Understanding real stabilisers is done through the study of pure spinors, the real index, and
spinor bilinears. These three tools generate a large class of spinorial G-structures, for which
we construct a new class called mixed structures. We also apply this machinery to investigate
previously unexplored stabilisers in ten and twelve dimensions. Regarding complexified stabilis-
ers of Weyl spinors, we develop an elementary approach using k-simplices and combinatorics.
The novelty of this simpler scheme is two-fold. First, the study of the stabiliser of the spinor
is shifted to studying the group that leaves the collection of differential forms, arising from the
metric and spinor, invariant. Second, this method allows one to examine complexified stabilisers
in arbitrarily high dimensions, which classical methods do not allow.

The second part of the thesis explores the most natural second-order partial differential equa-
tions on a pair (metric, spinor). We are inspired by Plebanski’s theory of gravity in 4 dimensions.
He constructs an action functional, which when extremised, results in Einstein conditions on the
curvature. In this thesis, we construct all families of diffeomorphism invariant action functionals
in the examples of SU(2)- and SU(3)-structures. From our methods, we recover Plebanski’s
most natural second-order partial differential equations (PDEs) on the collection of differential
forms coming from the metric and spinor in the case of SU(2)-structures. Furthermore, we con-
jecture a schematic for natural second-order PDEs on the collection of differential forms coming
from the metric and spinor in the case of SU(3)-structures. In both examples, we show that the
linearised action functionals are completely determined by representation theory, and that there
is a family of Einstein-Hilbert actions of gravity in a vacuum.
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Chapter 1

Introduction

Gravity is the metric geometry of spacetime influenced by matter, and all matter content is
described by spinors. The geometric foundation of this concept lies in a somewhat remarkable
isomorphism between a pair (metric, spinor modulo sign) on a manifold M and a specific collec-
tion of differential forms on M. We express this isomorphism through the following relation:

(metric, spinor modulo sign) <= collection of differential forms. (1.0.1)

As detailed in the main body of the thesis, and as is well known within the differential
geometry community, this isomorphism holds for numerous cases, see [BK24] in four dimensions,
[CS02] in six dimensions, and [Bry87; Kar09] in seven dimensions.

A well-known example of ( ) is presented in [Kar08; Kra24a] for eight dimensions. Let M
be an 8-dimensional spin manifold. In this setting, there exists an orbit in the space of 4-forms
characterised by the Cayley form, a 4-form stabilised by Spin(7) ¢ GL(8,R). One can then
decompose the space of 4-forms into irreducible representations of Spin(7), such that certain
irreducible components are isomorphic to the spinor orbit stabilised by Spin(7). Furthermore,
it is known that the metric can be algebraically constructed from the Cayley form at each point
on the manifold. In this sense, the right-hand side of ( ) holds as a necessary condition.
Conversely, if one begins with the spinor orbit stabilised by Spin(7), it is possible to construct
the space of Cayley forms within the space of 4-forms using spinor bilinears and the metric. In
this sense, the left-hand side of ( ) holds as a sufficient condition.

A G-structure on an n-dimensional manifold M is the reduction of the principal GL(n,R)-
frame bundle. For a given G-structure, the breaking of GL(n,R) to G can be represented by
a collection of tensors that remain invariant under G’s action. In this thesis, the “tensors” we
refer to are a collection of differential forms and the metric. We show, in our examples, that the
metric is algebraically reconstructable from such a suitable collection of differential forms, and
thus, the right-hand side of ( ) corresponds to the reduction of the principal GL(n,R)-frame
bundle. Conversely, suppose we have an n-dimensional spin manifold M. We introduce the
concept of a spinorial G-structure as the reduction of the spin-frame bundle to the stabiliser of
a spinor. We investigate cases where G, as the stabiliser of a spinor on the left-hand side of
( ), is isomorphic to a subgroup of GL(n,R) whose action is invariant on the collection of
differential forms on the right-hand side of ( ).

The aim of this thesis is twofold. First, to explore generalisations of ( ) to dimensions
higher than eight. Second, to examine how ( ) can be applied to express interesting differen-
tial equations on a pair (metric, spinor) as partial differential equations (PDEs) on the collection
of differential forms.

In Part I, we gather all known facts related to possible spinor stabilisers in dimensions up to
eight and beyond. New techniques are developed to reproduce these known results, and some

9
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new findings are discovered. We distinguish between complexified stabilisers of Spin(n,C) and
real stabilisers of Spin(p, q).

In this part of the thesis, we focus on constructing a suitable collection of differential forms,
referred to as the canonical differential forms, derived from a spinor and a metric through
spinor bilinears, which we call geometric maps. In other words, we aim to explore the following
direction:

(metric, spinor modulo sign) == collection of canonical differential forms. (1.0.2)

As the collection of canonical differential forms emerges from the left-hand side of ( ), the
stabiliser associated with the spinor is determined by the group whose action remains invariant
on the right-hand side of ( ). This approach forms the basis for determining properties of
spinor stabilisers.

Let us begin by presenting the main results concerning Spin(n,C). Stabilisers of Spin(2n)
over C have been extensively studied, and classifications have been made up to and including
Spin(16). We provide a classification that relies on straightforward combinatorial techniques. It
is known that any Weyl spinor, for n > 3, is a linear combination of k € {1,...,2"} pure spinors.
A significant result, derived through combinatorics based on elementary relations between two
or more pure spinors, as constructed in Chapter 0, is that it is unnecessary to consider all k£ from
1 to 27; instead, it suffices to examine up to a much smaller number. This allows for a simpler
method, compared to that found in the literature, to categorise spinor stabilisers in dimensions
up to and including fourteen. This categorisation is achieved by analysing the invariant action
of a group on the canonical differential forms. Furthermore, a novel result we obtain is that
this combinatorial approach can be extended beyond Spin(14,C) to categorise orbits in higher
dimensions.

For the real stabilisers of Spin(p,q), we consider three cases: Spin(2n,0), Spin(n,n), and
Spin(r,s), where n,r,s € Z, with r # s and r + s € 2Z. It is known that SU(n) is the stabilising
subgroup of a pure spinor for Spin(2n), n € N. In fact, for n < 3, as all Weyl spinors are
pure, SU(n) is the only stabilising subgroup. Using geometric maps, one can compute a real
symplectic 2-form w and a complex n-form (Q; these are the canonical differential forms that
remain invariant under the action of SU(n). Alternatively, starting with Spin(n,n), one has
many more choices of pure spinors to consider. The selection of pure spinors, resulting in
distinct spinorial G-structures, is governed by an integer known as the real index. For Spin(2n),
the real index is always zero, which explains why it consistently reduces to SU(n). Allowing a
different real index introduces a broader class of spinorial G-structures. For n < 4, all spinors are
pure; thus, for example, two non-parallel pure spinors correspond to a paracomplex structure,
associated with the reduction of Spin(n,n) to SL(n,R). In Chapter 3, we classify all spinorial
G-structures constructed for each type of pure spinor. Additionally, we identify a new class of
canonical differential forms associated with spinorial G-structures generated by pure spinors in
Spin(r, s), termed mixed structures — a blend of paracomplex and complex structures.

Returning to spinors in Spin(2n), for n > 3, there exist spinors that are no longer pure,
known as impure spinors. In Chapter 5, we classify the stabiliser of an impure spinor that
preserves the canonical differential forms in Spin(8) using octonions. We observe that in higher
even dimensions, there is a way to embed Spin(8) = Spin(2n) for n =5 and n = 6. By analysing
various spinor orbits for n =5 and n = 6, we demonstrate that our methods are comprehensive
in determining all real stabilisers of Spin(10), and we construct a previously undiscovered class
of real stabilisers for Spin(12).

In Part II, we concentrate on the problem of determining “natural” PDEs that can imposed
on a system built from a pair (metric, spinor), using ( ). An essential precursor to our
discussion is the classification of all possible holonomy groups on a Riemannian manifold. Some
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of these holonomy groups arise as spinor stabilisers; hence, we define the reduction of the spin-
frame bundle to any holonomy group derived from a spinor stabiliser as a classical spinorial
G-structure. It is well known that the most natural first-order PDEs one can consider involve
the vanishing of the exterior derivatives of the collection of differential forms invariant under
the action of G'. In this thesis, we ask: Are there natural second-order PDEs that can be
constructed from the canonical differential forms invariant under the action of G7 We approach
this question through the lens of action functionals, whereby critical points impose natural
second-order PDEs.

Our approach is inspired by Plebanski’s formulation of general relativity [Ple77]. In his
paper, he utilised an SU(2) gauge connection to construct a 4-dimensional action for gravity.
By extremising this functional, one recovers natural second-order PDEs: the Einstein conditions
on curvature. Our goal is to generalise his construction to higher dimensions. We achieve this
by constructing all independent action functionals that are diffeomorphism invariant and built
from the second-order derivatives of canonical differential forms and auxiliary fields. Ordinarily,
writing all independent action functionals is not straightforward, as it is not always evident
how to parameterise the auxiliary fields. To assist in this regard, we employ linearised analysis,
a procedure for constructing action functionals from infinitesimal actions of the general linear
group on the canonical differential forms. An important aspect of linearised analysis is that it is
constrained by representation theory, offering insight, for free, into the general structure of the
action functional and the forms the auxiliary fields should take.

In Chapters 8 and 9, we examine SU(2)- and SU(3)-structures. Specifically, we show that
the collection of differential forms on the right-hand side of ( ) arises from spinors. Further-
more, we demonstrate that in each case, the metric can be reconstructed from this collection
of differential forms. In Chapter 8, we present a non-linear action functional of second-order in
derivatives of SU(2)-structures and show its equivalence to Plebanski’s formulation of gravity in
4 dimensions. In this way, we recover the most natural second-order PDEs one can formulate
with the canonical differential forms: the Einstein conditions on curvature. Finally, in both
Chapters 8 and 9, we conduct a linearised analysis for SU(2)- and SU(3)-structures, revealing
the novel result that a class of action functionals corresponds to the linearised Einstein-Hilbert
action of gravity in a vacuum.

IThis characterisation acts as a first-order obstruction to an integrable classical spinorial G-structure.
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Chapter 2

Introduction

Spinors, that is, the spin groups and their representations, have been known to mathematicians
since the time of Euler, Hamilton, and Clifford [TT94]. However, it was Elie Cartan who first
provided a description of what we now understand as the spinor representations of spin(n)
[Carl3]. As is often the case, the popularity of the field and its study surged when physicists
began investigating the intrinsic angular momentum (spin) of electrons. This exploration led to
the development of the non-relativistic limit electron spin model [Pau27], for which Wolfgang
Pauli was awarded the Nobel Prize, given below as:

o1 = (1 0), o9 = (i 0 ), and o3 = (0 _1). Here i € C is the unit imaginary. (2.0.1)

The Pauli matrices ( ) generate the Clifford algebra Cliffs and subsequently the spin Lie
algebra spin(3) that acts on the space of spinors C2.

Dirac was the first to utilise Pauli matrices in the relativistic limit while attempting to solve
the Schrédinger equation for a free relativistic electron, described by the Klein-Gordon equation:

(0+m?)¢ =0, (2.0.2)

as elaborated in his foundational paper [A M28]. Solutions to this equation lacked a quantum
interpretation; knowing the position of ¢ precluded knowledge of its momentum. Dirac proposed
a novel solution, the “square root” of this equation, now known as the Dirac equation:

(ic"0, —m)p =0, (2.0.3)

where u = {0,1,2,3}, with ¢° = I, the identity operator, and o123 as defined in ( ). This
theory had twofold consequences: first, the entity ¥ was no longer a single function, but a vector
of functions. This inadvertently spurred a large field of mathematical study. The Dirac equation
( ) can be analysed on various backgrounds, i.e., different manifolds, leading to the study of
harmonic spinors and spinor analysis [Micl3].

Secondly, and more physically, Dirac’s theory led to the conjecture of a particle identical in
all respects to the electron except for its charge. The positron was discovered just four years
later by Carl D. Anderson, earning him a Nobel Prize [[HA13]. The connection between the
square root of geometry and physics, as elucidated by [Tra93], dates back to [Grag0] regarding
the rational rigid representations of rotations. Clifford was the first to generalise these ideas,
leading to the development of Clifford algebra over a finite dimensional metric space (V, g) over
the field K=R or C.

15
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Definition 2.0.0.1. The Clifford algebra of (V,g), denoted Cliff(V'), is defined as
Cliffl(V)=T(V)/({veV]vev-g(v,v)}). (2.0.4)
Where T'(V) = @32, ®* V is the tensor ideal.

It is known that there is a universal property that extends from V — A, where A is an
algebra to ClLff(V) — A [Har90]. For example, suppose one takes A = End(AV'), then the
universal property is given by I'-matrices, reminiscent of the same objects in physics, such that
its action on elements of AV is given by the Chevalley-K&hler formula [Cheb4], [Kah62], [Tra93]:

T(w)-Y=vAa+vI. (2.0.5)

Where A : AFV — A1V raises the degree of an element in A(V), while J: A¥ - A*~! lowers of
the degree of an element in A(V). Neatly, this information is encoded in the following diagram.

CLff(V) ———— AV
| / (2.0.6)
1%

Remark 2.0.0.1. As AV is a finite dimensional vector space, the naming scheme I'-matrix makes
sense. Indeed, choosing a basis allows AV = K2, where n = dim(V). SoT € End(AV) 2 Mgn (K).
Also, the I'-matrices don’t have to send V to Cliff(V') exclusively, one can instead take Cliff(1W),
where W is the complexification of V.

In this thesis, we explore the implications of I'-matrices in depth, as these are the backbone
of the calculations we perform. For us, AV will be generated from an even-dimensional real
vector space, with the possibility of mixed signature. We can then choose a basis and explicate
( ). The choice of basis is crucial, as different choices can lead to different representations.
This is controlled by a mechanism called the pure spinor. Spinors are viewed as the square root
of geometry, with pure spinors being more fundamental, carrying the geometric properties of a
spinor through their behaviour as null vectors.

Consider the simple Pythagorean equation,

22+ = 2% (2.0.7)
whose solutions can be elegantly parametrised as:
z=p°—¢%, y=p*+q¢>, z=2pq, for p,qgeN. (2.0.8)

This can be written as a solution to a matrix equation:

(y:x yfw)zz(g) (r q), (2.0.9)

with the interpretation that a null vector (z,y,z) (the determinant of the matrix above is zero)
is the square of a spinor (p,q) (the right-hand side of the above is the outer product of two
vectors). Cartan’s generalisation of this concept came of the form of maximally totally null
subspaces. As seen from the formula ( ), null vectors are characterised by the spinors they
annihilate.

Following this, we proceed to review the construction of Clifford algebras, and their represen-
tations. First, through tensor products of matrix algebras, owed to [BW35]. Then to maximally
totally null subspaces, via ( ) owed to [CBGS].
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2.0.1 Construction through tensor products

The most popular construction of Clifford algebras and their representations on AV are produced
by exploiting the following theorem and corollary, introduced by Brauer and Weyl [BW35] with
a modern treatment given by [Har90].

Theorem 2.0.1.1. Let (V,g) be a metric space with signature (r,s), and define ClLff(V') :=
Cliff, ;. One has the Cliff, ; is isomorphic, as an associative and unital algebra, to one of the
following matrix algebras

(r-s) mod 8 | Matrix algebra
My (R)

My (H)

; Mny(C)

3 My (H) & My (H)
7 MN(R) ® MN(R)

)

0
2,
1

T~ O

where N = 27*5,

Corollary 2.0.1.1.1. Let Cliff, ; as above, then

Cliffr-'.l,s-‘_l = Cliﬁ}’s ®r Mo (R),
Cliﬁ‘s+27r = Cliﬁ‘ns ®r Mo (R), (2010)
Cliff, o2 = Cliff, , ®p H.

We prove this corollary to highlight the procedure one performs to generate higher dimen-
sional Clifford algebras from lower dimensional ones.

Proof. Begin with generators of 47 of Cliff,. 5). Then the matrices

r._(0 v m_( 10 w2 _ 0 1
r ._( S0 ) el ) Tl o (2.0.11)
anticommute, and (I'7+1)2 =1, (I''*2)2 = —I. Thus, these matrices generate Cliff(y11,541)-
A suitable modification of this construction gives the second line in ( ). Indeed, we can
instead define
r_( 0 (10 o [0 1
fe(0 ) (D %) (2 3) oy

Then I'! generate the Clifford algebra Cliff, .y of opposite signature, and both '+ 11+2 square
to plus the identity.

The last line in ( ) is proved by the following construction,
FI::(S g) r“l;:((‘) _Oi), r“%:(% ?J) (2.0.13)
Here i, j are two imaginary quaternions. These matrices anticommute, and T'7*!, and T'1*2 square
to minus the identity. O

This is a recursive relation, implying the knowledge of a base case of Clifford algebras listed
below with verifiable isomorphisms [Har90]

Cliﬁ.o’l = (C7 Cliﬁl,o *ReR, Cliﬁ\o’Q ~ H,

2.0.14
CliHLl = MQ(R), and Cliﬂlz’o = MQ(R), ( )
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generates a sequence of Clifford algebras up the chain until the desired dimension is reached.
Indeed, using ( ) and corollary one can cumbersomely iterate this until the required
dimension is achieved. Writing 2"*% x2"** matrices to encode information about Clifford algebras
is usually not economical . As this thesis deals with spinors in higher dimensions, we look to other
approaches to efficiently encode information about Clifford algebras and their representations.

2.0.2 Construction through maximally totally null subspaces

The treatment of Clifford algebras proposed by Cartan in [CB68] introduced the notion of maxi-
mally totally isotropic (null) subspaces, with a modern treatment found in [Har90]. This method
is quite abstract at first glance, as there is no concrete “model”. For example, Clifford algebras
are given by matrices, and their representations are understood as vectors in a 2™-dimensional
vector space. To compensate for this abstraction, we introduce creation and annihilation opera-
tors, inspired by their use in physics, to construct models on the space of polyforms (the space
of linear combinations of differential forms). By creation and annihilation operators, we refer to
A and J as defined in ( )-

The advantage of this approach is that it provides efficient descriptions of spinors, especially
in higher dimensions. In fact, we will exploit the characterisation of spinors as quaternions and
octonions to further streamline this identification.

Abstractly speaking, consider a vector space V and ( ), as before. Now, I' maps V' to
Cliff(V'), where W is the complexification of V.

Definition 2.0.2.1. Suppose that M (v) ¢ W is the subspace that annihilates the spinor v €
A(W) via the Clifford product ( ). The spinor v is called pure or simple if dim(M (¢))) =
dim(V).

An important consequence of this definition is that pure spinors are Weyl.

In the construction of Clifford algebras, the complexified vector space W is considered for
representations of ClLff(W). A viewpoint we adopt, first introduced by [TT94], is that pure
spinors are real slices of CLff(W). Suppose one has the Clifford algebra Cliff, ; embedded into
Cliff, , ® C = Cliffy, ® C, here 2p = r + s. The appropriate real slice of this space corresponds to
Cliff, ;. However, this implies that there is more than one choice of Cliff; ;.

Using a tool called the real index, developed by [TT94], and another tool called geometric
maps, developed by Cartan, we elucidate what form a real slice takes in terms of creation and
annihilation operators. Additionally, we show that this model corresponds to an appropriate
geometric structure (complex, paracomplex or mixed structure) determined by a pure spinor
and geometric maps. Conversely, if one chooses a pure spinor, this corresponds to one of the
many real slices of Cliff;, ® C. This, in turn, corresponds to a choice of geometric structure,
resulting in a specific model of creation and annihilation operators [BK22].

Remark 2.0.2.1. The two perspectives: construction by tensor products and construction
through maximally totally null spaces, were reconciled and extended by Chevalley [Che54], who
removed Cartan’s restriction of the base field being R or C by viewing spinors as minimal left
ideals of Clifford algebras. He rigorously proved several important theorems on the subject and
coined the term pure spinors”~.

IThere is an economical way to encode information about Clifford algebras if one uses division algebras such
as H, and O as seen in ( ). In a dimension where this is possible, we will exploit this parametrisation.

2The adjective pure in algebra is reserved for objects that cannot be represented as a product [Tra93].

3Pure spinors, introduced by Chevalley, were initially disliked by physicists because they found it unsettling
that Dirac spinors were labelled as “impure” by Chevalley’s definition [BT89]—since pure spinors are necessarily
Weyl. We do not extend that sentiment and adopt Chevalley’s naming conventions.
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2.0.3 Chapter Overview

In chapter 3 we apply the above ideas at the linear level, specifically taking V = R?", R™" and
R™* for r + s even. We begin by defining the Clifford algebra for each V, its representations
over polyforms, and the spin Lie algebra. We formally define pure spinors and quantify what
a real slice of ClLiff(W) means. Pure spinors give the real slice and correspond to the canonical
differential forms of spinorial G-structures via the geometric map, which we also formally define.
In part [, it is assumed that we implicitly have access to the metric ( ). We do this because
our aims are mainly concerned with classification. Having access to the metric allows one to raise
and lower the indices of the canonical differential k-forms. We shall refer to the corresponding
endomorphisms as geometric structures. Furthermore, we note that there can only be three
types of structures from a pure spinor: complex structures, paracomplex structures, and a new
type of structure called a mixed structure.

This chapter serves as a precursor to all other chapters in terms of notation and conventions.

Armed with the general theory from the previous chapter, in chapter 4, we construct exam-
ples of spinorial G-structures in low dimensions, specifically in dimensions 2, 4, and 6. Where
appropriate, we make comments on the geometry of the orbit in the local coordinate sense. It is
well known that spinors in these dimensions are always pure, so there is only one type of orbit
in these lower dimensions.

For brevity, we discuss only some examples of complex, paracomplex, or mixed structures
arising from general spinors. We encourage readers to refer to the article that this chapter is
based on for a complete classification of each type of spinorial G-structure in dimensions 2, 4,
and 6: Niren Bhoja and Kirill Krasnov. “Notes on Spinors and Polyforms I: General Case”. In:
arXiv (May 2022). URL: http://arxiv.org/abs/2205.04866.

Eight dimensions mark the first instance where there is more than one type of orbit other
than the pure one. This implies a larger class of spinorial G-structures beyond just complex,
paracomplex, or mixed. In chapter 5, we aim to classify the orbits of impure spinors (spinors
that are not pure). In 8 dimensions, the orbits of spinors are understood through octonions. As
we will show, pure spinors are null complexified octonions. We can express any impure spinor
as a linear combination of two pure spinors. We then proceed to analyse various cases of the
coefficients of each pure spinor. We find that there is only one additional orbit that is not pure,
namely Spin(7).

A similar procedure is applied to Spin(4,4), but a much larger class of spinorial G-structures
is found. In ten dimensions, one can extend our constructions, and a detailed analysis of real
orbits is provided in [Kra22]. For impure spinors, there are Spin(7)-type and SU(4) orbits. In
12 dimensions, a general classification is not yet known. Nevertheless, using techniques from 8
dimensions, a previously unknown class of orbits has been discovered.

A classification for spinors over C in 12 dimensions was first done by [Igu70], and similarly,
those in 13 dimensions were classified by [GV78]. In 14 dimensions, spinors were classified by
[Pop&0]; see also [Zhu92] and [Pop77]. The full classification for 16 dimensions was done by
[ V82], with special cases involving the use of the exceptional Lie group Eg by [DR93]. A
useful resource is the thesis [Cha97], which provides clear classifications for spinors in 12 and
14 dimensions using pure ones. These classifications are not easy to digest, and many complex
ideas from representation theory are used. We propose a simpler approach via pure spinors and
combinatorics.

Although the technology we develop can be used to analyse 16 dimensions and higher, it
becomes quite unwieldy, and hence we omit these constructions. This is evidenced by the
comprehensive classification provided by [I. V82], where there are many possible orbits.

The final chapter, chapter 6, splits into two sections. In section (.1, we aim to simplify the
understanding of orbits. Given a reasonable start, we can trace the problem to counting different


http://arxiv.org/abs/2205.04866

20

permutations of simplices. Consider the space C?", and let M (1)) be a maximally totally null
space for a pure spinor 1y. Upon choosing a basis in M (1), one can lift to CLiff(C™) c Cliff(C?"),
allowing one to specify a completion of the lifted basis in Cliff(C?") — the full lifted basis shall
be called a canonical basis. This canonical basis can then be used to construct every possible
impure spinor in the space S*, which consists of Weyl spinors of even chirality. Therefore, the
problem of classifying spinors in any dimension is reduced to combinatorics by these two facts:

e Any 1) € S* can be written as a linear combination of this canonical basis of 2*~! pure
spinors.

e Theorem : Let ¢ and ¢ be two (non-parallel) pure spinors. Then ¢ + ¢ is a pure
spinor if, and only if, M (¢¥)) n M($) =n - 2.

In this chapter, we provide the general theory based on the two facts above. Diagrams
are parameterised by pure spinor representatives as vertices of some k-simplex, weighted by
M () n M ()| The tools we use for counting are occupation box numbers ny,...,n;,...,ng,
which count the number of directions shared by 4 pure spinors. This allows us to define geometric
objects such as vertices, edges, and higher-dimensional simplices. Fach geometric object carries
information; for example, a vertex will be associated with a unique pure spinor, an edge with
the number of directions shared by 2 pure spinors, and so on.

This framework allows us to define concepts such as edge intersection numbers e and tetra-
hedral intersection numbers t. These numbers help us count the ways two spinors can share an
edge and the ways four spinors can share a tetrahedron. We develop formulas concerning edge
intersection numbers and box occupation numbers to find bounds on the maximal purity of an
impure spinor. This generates known results up to d = 7 [Cha97], at which point the formula
breaks down. We show that considering tetrahedral intersection numbers and box occupation
numbers and developing similar formulas to develop stricter bounds on the maximal purity of
an impure spinor for d > 8. An assumption made in the bounding process is verified to be true
in the following chapter.

In section 6.2, we sequentially consider different degrees k of an impure spinor. Normally,
one would need to consider k from 1 to 297!, but, as per the previous chapter, we only need to
consider k up to the bound we develop. In the process of incrementally increasing the dimensions
and degree of impurity, we write all unique diagrams, up to a representative for those diagrams,
and compare the results to known ones. We also show that they match known results (the simple
part of the stabilisers), up to and including dimension 14.

Furthermore, the diagrams are also uniquely associated with a canonical differential form
that we construct case by case and analyse to understand the orbit type. We demonstrate that
by the action of the Cartan subgroup of Spin(2n,C), one can rotate a spinor to a canonical
one, making the differential form an identifier of the orbit. This relates back to part I, where
we explicitly constructed geometric structures that characterised orbits of spinors. Consider the
following simple example.

Example 2.0.3.1. In 8 dimensions one can construct the diagram

ha=1
A——0——=B  yp-clne?nednet (2.0.15)
Where A, B on the edge refer to the spinors 14 p. See that the weight 0 is in reference to the
fact that |[M(14)n M (1¢p)| = 0. This is the unique diagram, up to choice of representative, that
characterises the stabiliser subgroup Spin(7). Upon choosing a representative 1 - general linear

combination of 14 and g, one can also write the canonical differential 4-form

By(1h) o< Q+ Q+ 1w, (2.0.16)
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where 2 is the top holomorphic form in 4 complex dimensions, and w is the symplectic form in
8 real dimensions.

We encounter a phenomenon where diagrams are necessarily unique, even if the spinor is
not. In twelve dimensions, there exists an impure spinor of degree 2 that is in the same orbit as
a higher-dimensional spinor of degree 4, allowing us to show that the bound constructed from
tetrahedral numbers is accurate. This feature extrapolates to higher dimensions and serves as a
basis for reduction in 14 dimensions for a type of impure spinor of degree 5.
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Chapter 3

Preliminaries of Polyforms &
Pure Spinors

3.1 Polyform Representations of Spinors

Polyforms are arbitrary linear combinations of differential forms on R?”. This section serves
as a preliminary to establishing notation and conventions, facilitating a connection between
Clifford algebras over R?", R™" and R™*, where r + s is even. We explore these connections
in terms of creation and annihilation operators on the space of differential forms. Additionally,
we discuss their representations over differential forms and introduce Dirac, Weyl, Majorana,
and Majorana-Weyl spinors as subspaces of differential forms. Finally, we describe the spin Lie
algebra using antisymmetric products of creation and annihilation operators.

3.1.1 Polyform Representations of Spin(2n)
Clifford Algebras

Let us start by considering the Clifford Algebra Cliff,. Let R?" = V be a real 2n dimensional
vector space with an inner product. We introduce the linear map J : V — V such that J? = -1,
that is J is a complex structure. Allowing V to be identified with W @ W, whose real dimensions
are n. For our purposes, we consider W = C" as the —i eigenspace of J. Let {e!,... e"} be an
orthonormal basis in W, that is (e?,e?) = 6, and A¥(WW) as the space of k—forms, that is the
anti-symmetrisation of the (k,0) tensor space ®" W. Hence, for any v € A*(1W) one has

v=v, et for 1<idy, .. iy <nand vy, 4, € C. (3.1.1)
We introduce the notation e***2* above to mean e"* Ae'2 A ...

Definition 3.1.1.1. A polyform 1 is a k-form of varying degrees. Explicitly, v ¢ A(W) =
@1 AT (W)

We remark that A(TW) is a (obviously) graded, associative, anticommuting algebra with unit
(and inner product ( , ) defined later on). We will now introduce the following linear operators
on ai,az :A(W) - A(W) defined as

a;i() = €' 11, and a;-rl/} = et A (3.1.2)

Here for a k—form v € A*(W), as defined above, the action of a; : A¥ — A" on v e A*(W) is
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given as

e

k
aj(v) =€ 3= 3 ()"0 Vi i, i€ A e A (3.1.3)
m=1

¢im means to omit that term from the sum. Again taking v € A¥(TW) the action of a} s AR AR
is given as ' -
al(v) =€ A=y, gl ne (3.1.4)

The above creation and annihilation operators satisfy the commutation relations

aia; + a;ai =0;5, a;aj +aja; =0, and a;ra;f + a;. I =0, V1<i,j<n. (3.1.5)
To construct the Clifford algebra one takes linear combinations of the above operators defined
as

T;=a;+a}, and Ty, = —i(a; —al). (3.1.6)

An interesting note that will be useful later is that T : V' — Cliff(TW) is an algebra homomorphism
that maps a vector v € V to a generator in I'(v) € Cliff(W), so I'; = I'(e?), see Lemma 9.7 and
Remark 9.10 in [Har90]. The action by I on A(W) is referred to as the Clifford action, and the
choice of homomorphism I' is called a model for Cliff(1W'). These operators satisfy the Clifford
algebra relation,

AT +I'gl'A =204B, for 1< A, B <2n. (3.1.7)

Hence Cliffy,, 2 Cliff(W) is generated by the above so-called “gamma matrices”. We note that
there was a choice of a complex unit i in the above gamma matrices. If its position were reversed,
that is we took
il +al R
I'i=i(a; +a}), and Ty, = a; —a] (3.1.8)

then the result would have been
FAFB+FBFA:_25AB, for 1SA,BS2’I7,. (319)

This sign is important if our focus was solely on Clifford algebras, however, we will be concen-
trating on the spin algebra. This makes the sign immaterial.

Spin Lie Algebras, & Weyl Spinors

The spin Lie algebra is generated from the commutators of the gamma matrices generating
the Clifford algebra, that is, for any I'4,I'p € Cliffa,, spin(2n) is generated by I'4I'p]. An
alternative description that can be used is

spin(2n) 3 A(X) E S XA g, (3.1.10)

B 4 A<B
Here X is a real antisymmetric and trace-free (2,0) tensor. Furthermore, A is a Lie algebra
homomorphism from spin(2n) to gl,,, (C) given by
[A(X), A(Y)] = A([X,Y]) (3.1.11)

Here [X,Y]48 = XA YCB YA, XCE (the index B is raised using the metric 45 on V = R?")
is the commutator of two antisymmetric trace-free 2n x 2n matrices. Thus, A is in fact a Lie
algebra isomorphism between spin(2n) and so(2n).
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Definition 3.1.1.2. The even/odd subspaces of A(W) are defined as

Se= @ AW), and S_= @ AFW), (3.1.12)
keQeven keQgdd
where
Qeer = {pe2Z|0<p<n}, and Q0= {pe2Z+1]0<p<n}. (3.1.13)

Any vector in S, is called a Weyl spinor, and any vector in A(W) =5 =5, @ S_ is called a
(Dirac) spinor.

The I'-matrices in Cliffy, map S, to Sz. As any element of X € spin(2n) is the skew-
symmetrised product of any two I'-matrices, the action of X on S, is an endomorphism X :
Sy = S;. Thus, the Dirac representation of spin(2n) is reducible to the Weyl representations
S..

Inner Product
Definition 3.1.1.3. Let 11,15 € S then the inner product on S is defined as

(1,92) = 0 (1h1) Ao (3.1.14)

top”
Here 0 : S — S is the automorphism that reverses the order of each decomposable form in v,
and | top is the projection of the polyform to the coefficient of volume form.

In the above definition, suppose \;, ;€% is a decomposable k-from, such that X;, ;, € C,

then o o
o(e ") = ek, (3.1.15)
Furthermore, suppose ¥ = A1 + Ayo1vol, such that A, A\yo € C, then
Y op = Avol. (3.1.16)
Proposition 3.1.1.1. Take the inner product given by definition , and any A € spin(2n).
Then one has
(A1, 2) + (Y1, Arp2) = 0. (3.1.17)

Proof. We shall first prove that a; and a;r are self-adjoint
(ajll]lﬂ/&) =0 (e’ A1) Ayl
= o (Y1) Aej Ayl
= (1, alts).

top

(3.1.18)

top

To prove that a; is self-adjoint it is sufficient to assume that ¥; € A¥(W) and ; € AP(W) such
that p + k = n. Suppose that ©; = e** A... Ae' . Then for a;iy; to not vanish, else the inner

product vanishes, e/ must appear in ;. This results in o(a;¢1) = (-1)7e™ A... A e AL eh
Furthermore, suppose 1 is also decomposable then 1y = (=1)7ed A et A ... Aelr, if 1y didn’t

1We also commonly refer to Sy as A°Ve?/°dd(Cn) (as W = C™).
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contain e’ then the inner product vanishes.

(aji1,92) = o(a1h1) At
l

=(-1)Pe* A AT AL et A(-1) el At AL nel

top

se A ned A et A(=1) e AL A AL el (3.1.19)
= (1) Al
= (1, a;¢2).

This immediately implies that I'4 for 1 < A < nis self-adjoint. Let spin(2n) > A= 1X*8 Y, pTalp
then

top

(Avy, ) = > iXAB@AFB%,%)

A<B

1
= > = XAP(yy,TpTave)
Ap4 (3.1.20)

1
== ZXABwl,FAFBwQ)
A<B

= —(?/11»/11/)2)-

On the line 3 in the above equation we use the anti-symmetry of gamma matrices for A+ B. [

Majorana Spinors

We construct two antilinear operators, R,R’ : S — S that square to +I, and commute or anti-
commute with Cliffs,. Majorana spinors live in the eigenspace of R or R’ depending on which
one squares to the identity and (anti-)commutes with Cliff,,. The reality conditions are defined
as

R=I1...1,¢ and R =141 ...11,¢C. (3.1.21)

Where € is the conjugation map on C, taking any complex number to its complex conjugate.
We see that 9 is the product of all the “real” gamma matrices and 2R’ is the product of all the
“imaginary” gamma matrices. We now have the following propositions.

Proposition 3.1.1.2. The operators R and R’ either commute or anticommute with any I'¢ €
Cliffy,, for C € {1,...,2n} in the following way

Rl = (-1)" TR, (3.1.22)

and
R'Te=(-1)"TcR. (3.1.23)

The proof is not conceptually difficult, one simply computes the various cases for I'c, R and
R

Proposition 3.1.1.3. The antilinear maps have square to +I, depending on the dimension n,
in the following way

n(n+1)

I, and (R)?=(-1)" 2z L (3.1.24)

n(n-1)
2

R = (1)
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Proof.
M2 =T,...T,CT...T,¢ (R)2=Ths1...Top #Tpyr ... T, €
=Iy...T,Iy...T,¢2 =(-1)"Ths1..-Tonlpyr ... Do, @2
n(n-1) n(n-1)
= (—1) = I,...IhM, ... T, = (—l)n(—l) Top .. . Tpsilpnsr ... Toy
_ (_1)71,(712—1)]1 _ (_l)n(n;-l)]l
(3.1.25)
O
Definition 3.1.1.4. Suppose R € {f’,R'} as ( ). The antilinear map R is called a reality
condition if it squares to +I and commutes with spin(2n).
What ( ) and ( ) then show is that for n = 2 mod 4, no reality conditions can exist

because neither operator squares to the identity. For n = 0 mod 4, both R and R’ are reality
conditions. If n =1 mod 4 or n =3 mod 4, then one of the two reality conditions exists, as one
will square to +I, and one to -I.

Theorem 3.1.1.1. R and R’ are the only reality conditions up to phase and ordering.

Proof. Lemma 12.75, and lemma 12.90 in [Har90]. O

In fact the proof found in [Har90] is given for the more general case (r, s), such that r+s € 2Z.
We take r = 2n,s = 0 as a special case to prove our results. Thus, when we discuss Cliff,, 5, a
compatible statement of theorem will be true, i.e. specialise to r = s = n.

We now have sufficient data to define a Majorana spinor.

Definition 3.1.1.5. Suppose there exists a reality condition R. Then a spinor ¢ € S is called
Majorana whenever R(¢) =1 = 1.

There is also another important definition that we need.

Definition 3.1.1.6. Suppose there exists a reality condition R. Suppose further that R: S, —
S:. Then a spinor ¢, € S, is called Majorana-Weyl whenever R().) =1, = 1,.

The above statement is true only when R is an even number of gamma matrices. Hence
since there are no Majorana-Weyl spinors in n = 2 mod 4. If n =1 mod 4 or n = 3 mod 4 then
R : S, — 5%, so chirality is not preserved under this map but Majorana spinors exist. This
means that there are only Majorana-Weyl spinors in n = 0 mod 4.

A Preferred u(n) Subalgebra

Recall that in our construction of Cliffs,, we introduced a complex structure J that splits the
2n real dimension vector space V = W & W. Where W and W are complex vector spaces
with dimension n, and we have chosen JW = —ilW and JW = —iW. The symmetry of the
space then must be preserved by the choice J that was made. That is SO(2n) contains a U(n)
subgroup that preserves the complex structure J. This is seen more clearly by examining the
spin(2n) 2 so(2n)-module S.

Definition 3.1.1.7. Let ¢ be a k-form. Then the integer k is defined as the degree of ¢.

There is a preferred u(n) subalgebra in spin(2n) whose action on ¢ € S fixes the degrees of
any decomposable forms that comprise it. In the context of S = A(C™), these are operators in
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spin(2n) that only contain the product aia; for some i,5 € {1,...,n}. Explicitly, let us construct
the spin(2n) algebra as

L 1_,; iy
Aspin(an) = Z §X”F[irj] - 55 TPlisnljiny + YT
6=l (3.1.26)

1. 1_.. g
= EXU(ai +a3)(aj +a;r.) - 5:”(% - a;f)(aj —a}) +Y"(a; +a1)(aj —a;).

It is clear that X% and 2% are antisymmetric, while Y% has no symmetry. Aspin(2n) can be

reduced to A, () by removing all products of the form a;a; and a; a;, resulting in the conditions
X9 =24 and Y = Y7, (3.1.27)

This gives N N
Aun) = X”(aia;{ + a;faj) —-iy" (aia; - a;raj). (3.1.28)

Since a and a' are self-adjoint Ay(n) is skew-hermitian.

Proposition 3.1.1.4. The vector representation of u(n) c spin(2n) on R?" is compatible with
the complex structure J.

Proof. To prove this we just need to check that the action of ( ) on R?" preserves the
eigenspaces of J. The vector representation of spin(2n) is given by considering Cliffy,, as a
module with the action on it through the commutator. The complex structure J splits Cliffy,, =
span{a; |1 <i<n} & span{a | 1 <i<n}, and hence we consider the vector y = y'a; as what we
want to be preserved under the bracket. Furthermore, we have the relations between creation
and annihilation operators given as

[aia;,ak] =200, [a;faj,ak] = —20;,0;, and [aia;,ak] = 2(5jkaz - 25%@}. (3.1.29)

It is clear that for any A € spin(2n), [A4,y'a;] e span{a;} <= Aeu(n). O

3.1.2 Polyform Representations of Spin(n,n)
Clifford Algebra, Spin Lie Algebra, & Inner product

In a similar vein to the previous section, we study Cliff,, ,. We begin by taking a vector space
with an inner product of real dimension 2n, V = R?". Previously, a complex structure was
imposed that broke the V' into eigenspaces of complex dimension n. However, here we impose a
paracomplex structure I, a linear map that squares to +I, and splits V' into maximally isotropic
subspaces F* @ R™. This geometry will be defined more concretely in the next section. For now,
we just assume that V = E* @ E~ exists. The inner product that is compatible with I means
that for any vectors v* € E* and v~ € E~, (v",v7) = 0. Let {e!,...,e"} be an orthonormal
basis in E*, and let A¥(E*) be the space of k—forms, the anti-symmetrisation of ®* E*, and
A(E*) = @}_ A*(E*) the space of polyforms. The linear operators bi,bz :A(EY) > A(EY) are
defined as

by = €' Jap,and blep = f At (3.1.30)

The above creation and annihilation operators satisfy the commutation relations
bial +blb; = 6;5, bibj +bsb; =0, and b{b! +bibl =0, V 1<i,j <n. (3.1.31)
The generators, gamma matrices, for the Clifford algebra Cliff,, ,, = Cliff(E™) is given as

T;=bi+b!, and Ty, = b; — b] (3.1.32)
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It is easy to check that gamma matrices satisfy
T'al'B+T'pl'a =naB fOI‘lSA,BSQTl. (3133)

Here 7 is a diagonal metric of signature (n,n). Again there is a choice being made here, these
models of the Clifford generators aren’t unique. One can develop the same Clifford algebra
relation by taking appropriate complex linear combinations of b and b'. This is explored more
concretely, like the Cliffy,, case, in the discussion of pure spinors.

The spin Lie algebra spin(n,n) is generated by I'4I'p) for any I'4,T'p € Cliff,, ,. Similar to
before, an alternative description used is

spin(n,n) 3 A(X) = 1XAB > Tuls. (3.1.34)
4 A<B
Where X is a real antisymmetric and trace-free (2,0) tensor. A is a Lie algebra homomorphism
between spin(n,n) and gl,,,, and even more so is a Lie algebra isomorphism between spin(n,n)
and so(n,n). The space S = A(E™) is reducible to S* = A*(E*) and S™ = A (E™), the spaces of
Weyl spinors.
The spin(n,n) inner product is still given by definition ( ). This is because the creation
and annihilation operators are still self-adjoint.
Finally, as before, there are two antilinear operators R, R’ : S — S that either square to +I,
and commute or anticommute with Cliff, ,,. Since S is real, the notion of imaginary gamma
matrices doesn’t exist any more, hence one has

MR=T1...,¢ and R =¢C. (3.1.35)
Again, € is the complex conjugation map on C.

Proposition 3.1.2.1.
2
M2 = (-1)"1, (R)*=1 (3.1.36)

Proof.

R2=T,...19,€...5,¢
=I1...T9nT...Tap,

n(nm n(ne R)2=¢?=1 3.1.37
(1) ()" L1y () ( )
- ()L,
O]
Proposition 3.1.2.2.
Rle = -TeR, RTe=TcR® VCe{l,..2n} (3.1.38)

Proof. The commutation relations for R’ are obvious. Suppose that C € {1,...n} then RT'¢ =
(-1)*""'T¢M and suppose C € {n+1,...2n} then RTc = (-1)*"*'TcMR. Since 2n + 1 is always
odd, the result follows. O

Theorem 3.1.2.1. R and ', up to some phase and some ordering, are the only reality condi-
tion.

Proof. Lemma 12.75, and lemma 12.90 in [Har90]. O
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A Preferred gl(n) Subalgebra

In the construction of Cliff,, ,, there was a paracomplex structure introduced I that split the
2n real dimension vector space as V = E* @ E~. The symmetry for the choice of I must be
preserved. That is SO(n,n) contains GL,, subgroup that preserves I. Like in the Cliffy, case,
we make this clear by examining the spin(n,n)-module S. There is a preferred gl(n) subalgebra
in spin(2n) whose action on v € S fixes the degrees of any decomposable forms that comprise it.
Explicitly the general spin(n,n) Lie algebra element can be written as

nol 1 ..
Aspin(nn) = 2, X6l = SE Tl jny + YVl
11,]=1 , (3.1.39)
- EX”(bi +b1)(b; +b1) - iEij(bi =bD)(b; = bl) + Y (b; + b)) (b, - b1).

It is clear that X% and 2% are antisymmetric, while Y% has no symmetry. Agi(n) is then created
by removing b;b; and bzb;r- terms in Agpin(n,n)- This results in the conditions

X7 =-2Y and YV =Y, (3.1.40)

Giving
Agitny = 2(X7 =Y )bib! +2Y 5,51 (3.1.41)

Where X% is still antisymmetric but now Y% is symmetric.

Proposition 3.1.2.3. The vector representation of gl(n) c spin(n,n) on R?" is compatible with
the paracomplex structure I.

Proof. The proof is the same structure as ( ). Again, we consider vector representation
equivalent to the action of spin(n,n) on Cliff,, ,, via the commutator. Since I splits Cliff, ,, =
span{b; |1 <i<n} EBspan{bj |1<i<n}, and the same commutation relations hold for b <> a and
bT <> al. We see for any y € span{b;} and A € spin(n,n), [A,y'b;] e span(b;) <= Aegl(n). O

3.1.3 Polyform Representation of Spin(r, s)
The Maximal Index Model of CIiff, ;

For applications we care about, there is then no distinction between Spin(r,s) and Spin(s, 7).
Therefore, without loss of generality, we can assume r > s. Furthermore, we are interested in the
cases 1 + s € 27, this is to guarantee that one has access to the Weyl representations, S*. We
can then write
R™* = R?*™0 @ R**, such that n = (r - s)/2. (3.1.42)
There is of course some choice in splitting R™® in this way, and we discuss the geometry involved
in this choice later.
We can now consider a mix of the creation and annihilation constructions on A(C™) and
A(R?®). We introduce creation and annihilation operators ai,aj,i =1,...,n as those acting on

A(C™). We introduce creation and annihilation operators b|7br,| =1,...,s as those acting on
A(R?®). The Clifford generators then arise as operators on A(C" @ R?)

I=a; +a;.f, Civn =1i(ay —a;f)7 fori=1,...,n, and,

(3.1.43)
FI+2n = bl + b;rv FI+2n+s = bl - brv for I = 1; ceey S
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These Gamma matrices satisfy the Clifford algebra relations

Tulp +T'pl4 =2gagpl, for 1 < A B <2n, where g =diag(+1,...,+1,-1,...,-1).  (3.1.44)

2n + s times s times

The Lie algebra is again generated by all products of pairs of distinct I'-matrices. Lie algebra
acts on spinors, which are elements of the space of all polyforms S = A(C™ @ R®). This splits
into the subspaces of even and odd polyforms S = S, & S_. The inner product ( ) is still
an invariant inner product on S.

Reality conditions, Majorana spinors

As in the case of Cliffy,,, we now show there are only two antilinear operators (up to a com-
plex multiple) that either commute or anticommute with all I'-matrices. These operators are
obtained by taking the product of all real operators followed by the complex conjugation, or of
all imaginary operators again followed by the complex conjugation. Thus, we define

n factors omitted

R = Fl - Fn ............ F2n+1 . F2n+25 @, and g{, = Fn+1 - an ¢. (3145)
[ — ——— | —
n factors 2s factors n factors

Here, as before, € is the complex conjugation map on C. The commutativity properties of these
maps are summarised in the proposition

Proposition 3.1.3.1.
R4 = (-1)"'T4M, and R'T 4 = (-1)"T 4R, where Ae {1,...,2(n+5)}. (3.1.46)

Here the formulae are s-independent, and the squares of these maps are captured by the
following proposition,
Proposition 3.1.3.2.

n(n-1) n(n+1)

MR2=(-1)" 2z 1, and (R)*=(-1)" = 1. (3.1.47)

Again the formulae are s-independent. Thus, the existence of the reality conditions and
Majorana spinors depends only on the number of complex directions in C™ & R®. There are no
Majorana spinors when n is even but not a multiple of four. There are Majorana spinors when
n is odd, and Majorana-Weyl spinors when n € 47Z.

Theorem 3.1.3.1. R and R’ are the only reality conditions up to phase and ordering.
Proof. Lemma 12.75, and lemma 12.90 in [Har90]. O

A Preferred Subalgebra of spin(r,s)

We now look for a subalgebra that does not mix polyforms of different degrees. To this end, it is
useful to write a general Lie algebra element in terms of the creation and annihilation operators
a,b. We have

— L5 oy rij
Agpin(r,s) = §X T (a; +ag)(aj +a;) - §X I (a; —a;r)(aj —a;) +1iY" (a; +a;r)(aj —a;)

1 1~
+ 5X”(b. +b)(by +01) + 5X”(b. = b ) (by = b}y + Y (b + b ) (b - b)) (3.1.48)

+Z1 (ai +al) (b + b)) + Z1_(a; +al) (b - b))
+iZ", (a; —al)(by + 1) +1Z" (a; - al) (b1 - b)).
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Here all parameters X, X ,Y, and Z are real. The conditions so that the operator above contains
both a creation and annihilation operator are

X9 =x9 yllog xY4xY-o, yMoo, 28 =29 =z9 =79 0. (3.1.49)

Clearly this selects u(n) @ gl(s).

3.2 Pure Spinors

It does not take long after introducing the models for Cliffy,,, Cliff,, ,,, and Cliff, ; in the previous
sections to start questioning: why are there certain factors of i in front of some generators, while
others lack these factors? Indeed, in the case of Spin(n,n), we could have developed a model
that preserved the correct split signature but resulted in non-real matrices. The aim of this
section is to uncover the hidden choices behind the construction of the I'-matrices for various
signatures of Clifford algebras. These choices stem from pure spinors, which lay the foundation
for this entire thesis.

The canonical differential forms, constructed from geometric maps using these spinors, give
rise to the spinorial G-structures studied in later parts of the thesis. Furthermore, pure spinors
form a basis in the space of Weyl spinors, thus understanding the stabilisers of pure spinors
provides insights into the stabilisers of impure spinors—any Weyl spinor that is not pure. This
understanding enables classifications of spinor orbits over real and complex numbers.

In this section, we review pure spinors, the geometric maps that construct geometric struc-
tures — canonical differential forms with an index raised. We also discuss the real index, which
outlines the different types of spinorial G-structures emerging from pure spinors, and present
some crucial facts exploited in the remainder of the thesis to comprehend the orbits of Weyl
spinors. Additionally, we introduce a new geometric structure called a mixed structure—a
structure that is paracomplex on a split signature portion of Cliff, ; and a complex structure on
the compact part of Cliff, ;.

3.2.1 Maximally Totally Null Spaces & Pure spinors

Definition 3.2.1.1. Let V be a vector space with metric 5 of signature (r,s) and W its com-
plexification. Then
WoM(p)={veV |T(v)(p)=0} (3.2.1)

is called the null space of . Here I' is the homomorphism that takes a vector in V' to its Clifford
generator in Cliff(W).

So fixing a spinor allows one to pick vector subspaces in W that correspond to it through
annihilation via the Clifford action. Furthermore, if r + s = 2n, which is the case we will always
discuss, then one can show dim(M (¢)) < n. This motivates the following definition:

Definition 3.2.1.2. M () is mazimally totally null (MTN) or maximally isotropic whenever
dim(M (¢)) = n. The corresponding spinor ¢ is then said to be pure or simple.

It has been known since Cartan [CB68] that pure spinors are Weyl spinors. Cartan also gives
a useful algebraic characterisation of pure spinors. It is convenient to define

Definition 3.2.1.3 (geometric maps). Let ¢, ¢ be Weyl spinors of Spin(r, s) such that r+s €
27, and the same chirality. Then a geometric map is defined as

A*(V) 3 Be(p,¢) = (@, T, ... Ty @) for 1<y <...<ip <n. (3.2.2)

As T-matrices anticommute with one another, the image of a geometric map is a differential
form. In fact, let ¢ = ¢ be Weyl spinors, then the image of this geometric map is called a
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canonical differential k-form, which is invariant under the stabiliser of ¢, G c Spin(r,s). In
general, the group that stabilises the canonical differential form is smaller than G. In the cases
we care about, chapters 8 and 9, the stabiliser of the spinor and canonical differential form
coincide. As we are concerned with writing theories of gravity, we emphasise the stabiliser of
the canonical differential form.

Finally, we give conditions for when a spinor is pure using geometric maps. This was shown
by Cartan [CB68] in the following theorem.

Theorem 3.2.1.1. Suppose ¢ is a Weyl spinor of Spin(r, s) such that r + s € 2Z, and consider
the geometric maps By (¢, ). Then ¢ is a pure spinor if, and only if, for any k < dim(M (¢)),
By (¢, ¢) =0. Moreover, if k = dim(M (¢))

Bi(¢,9) o< fin... A fi. (3.2.3)
Here {f1,..., fx} is a basis that spans M(¢).

In sections to come, we freely raise and lower the indices of differential forms coming from
geometric maps and define these endomorphisms to be geometric structures. When r = 2n,s =0,
these will correspond to complex structures. When r = s, these will correspond to paracomplex
structures. Finally, when r # s # 0 these correspond to a new type of structure called a mized
structure.

3.2.2 The Real Index

Definition 3.2.2.1. If V is a real 2n dimensional vector space then W, its complexification, is
a complex 2n vector space. Hence, the maximum dimension of null isotropic space is n. Given
an MTN subspace N c W, the real index r is the dimension of N nV, i.e. the dimension of the
space of real vectors in N.

Using [K'T92] one has the following formula to characterise r = [N n V]|,

(3.2.4)

{pe2Z|0<p<n} formne2Z, or
{pe2Z+1|0<p<n} forne2Z+1.

Hence it is clear that for R™® with r > s the real index can be as large as s. At the same time,
in the case (2p,20) the real index of MTN subspace can be as small as zero, while in the case
(2p+1,20+1) the minimal value of the real index is one. One has the following theorem [KT92].

Theorem 3.2.2.1. The group SO(r,s) acts transitively on each set of all MTN subspaces of
W with a given real index and chirality.

Helicity arises because pure spinors are Weyl, recall there is a one-to-one correspondence
between the basis that constitutes the subspace of the Clifford algebra that annihilates pure
spinors and MTN subspaces of W. We can now connect the real index to a pure spinor via the
following theorems from [[KT'92], and [BT&9].

Theorem 3.2.2.2. Let ¢, be even pure spinors. Then
o |[M(¢)n M) =p=n-2m, for some m € N.

o |[M(¢)nM(¢)|=p <= Bi(¢,¥)=0 V keN_p, and B,(¢,¢) < eg AeaA...Ae,. Here
{e1,...,e,} is a basis for M (¢) n M (v).

o [M(¢)nM(¥)|=0 < Bo(e, ) #0.

An analogous statement can be made about odd spinors too
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Theorem 3.2.2.3. Let ¢, be odd pure spinors. Then
o [M(p)n M) =p=n-(2m+1), for some m eN.

o |[M(¢)nM(¢)|=p <= Bi(¢,¥)=0 V keN_p, and B,(¢,¢¥) < ey AeaA...Ae,. Here
{e1,...,e,} is a basis for M(¢) n M (v).

o [M(6)n M) =0 < By(¢,1) #0.

Finally, an important theorem due to Cartan [CBGS].

Theorem 3.2.2.4. Let ¢,v be two non-parallel pure spinors. If [M(¢) n M (¢)| = n -2 then
¢ +1) is a pure spinor-.

The next section now explores how pure spinors generate the models, indexed by r, through
the geometric map.

3.2.3 Pure Spinors and Complex Structures in Spin(2n)

Obviously, Cliffs,, must always have r = 0. This is because if there did exist an MTN subspace
N c V, then the metric would no longer be definite, as the real coordinates in N NV introduce
negative definite signatures. Therefore, the chosen model is the only one for a positive definite
signature.

Consider span{T'(e’) + il'(e"*™) | 1 < i < n} and span{l'(e’) —il'(e"*™) | 1 < i < n}, ie.,
span{a; | 1 <i<n} and span{a} | 1 <i<n}, respectively. Thus, one can deduce the pure spinors
for this model that characterise it. They are e; A ... A ey, the volume form, and 1, the zero form
(or identity form).

The subalgebra of spin(2n) that stabilises these spinors is clearly su(n). Take the u(n)
subalgebra ( ) and remove the trace components.

The complex structure can be derived from the following geometric map for a Weyl spinor
1.

Mup = (), T AT ) for 1< A< B<2n. (3.2.5)

Where we recall that R(v) =) for ¢ € S. We see that the insertion in the inner product above
to generate M is given by inserting a general Lie algebra element X € spin(2n). If ¢ is the
volume form or the identity polyform i.e. a pure spinor, then M is the symplectic form that
stabilises su(n). Raising an index, using d;; on R2" | gives

M, MyP o s, P (3.2.6)

Thus rescaling the geometric map appropriately gives a complex structure J that is metric
compatible with our hermitian metric g on W

9(J+J) =g(") (3.2.7)

and gives the splitting of Cliffs,,, i.e. the model that was chosen.

3.2.4 Pure Spinors and Paracomplex Structures in Spin(n,n)

We can now describe the geometry involved in the choice of a pair of maximal totally isotropic
subspaces R" of R™" and thus the described model of Cliff,, ,,. The novelty as compared to the
case of Cliffy,, is that choosing such a maximal isotropic subspace does not uniquely define its
complement in R™".

2This is an important theorem for chapter 6 in the classification complexified stabilisers of impure spinors in
higher dimensions.
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As in the case of Cliffy,, the choice of a model can be encoded into a geometric map. In the
case of Cliffy,, the geometric map produced a complex structure on R?" that provided the split
of the complexification R?" ® C into two maximally isotropic subspaces, C" and C". In the split
signature case R™", the analogue of this is a choice of a paracomplex structure I € End(R™"™).
This is an operator that squares to plus the identity, 2 = +I, so that its eigenspaces of eigenvalue
+1 are real. This operator is also compatible with the split signature metric, but the compatibility
condition now involves a sign:

n(L- 1) =-n(,-). (3.2.8)

As a consequence of this extra minus sign, the eigenspaces of I are totally null. Indeed,
if u,v € E*, where E* := {v € R™" : Jv = v}, then n(u,v) = —-n(Iu,Iv) = -n(u,v), and so
E* is totally isotropic, of dimension n, and thus maximally totally isotropic. The same holds
for E~. Thus, choosing a metric-compatible paracomplex structure I provides a decomposition
R™™ = E* @ E~ into two maximal isotropic subspaces.

At this level, the story is analogous to that for R?" and Cliff,,. The novelty arises because
in R™™ a choice of a maximal totally isotropic subspace E* does not define E~. Thus, a choice
of only E* is not equivalent to a choice of a paracomplex structure I. The latter carries more
information than the former. And it is only E* that is in correspondence with pure spinors, as
we now discuss.

Similarly to the case of Cliffy,, the described creation and annihilation operator model of
Cliff,, ,, comes with preferred pure spinors given by e; A...Ae, and 1, annihilated by span{I'(e*)+
['(e™™) | 1<i<n} and span{I'(e’) - T'(e"*™) | 1 <i < n}, respectively.

In the case of Cliffy,, the stabiliser of ey A... A e, is su(n). It is clear that the analogous
subgroup in the case of Cliff,, ,, is s[(n), and indeed it is easy to see that e; A...Ae, is stabilised

by sl(n) as in ( ) with Y% §;; = 0. The difference with the Cliffy,, case is that the stabiliser
of e1 A...Aey, is larger than sl(n).
Indeed, it is clear that e; A ... A e, is also killed by all transformations ( ) with
R
yii = §(X” +2Y), (3.2.9)

as these transformations involve the product of two copies of creation operators, and thus kill
the pure spinor ej A...Ae,. Thus, the stabiliser algebra of the pure spinor is the sum sl(n) & N,
where N is a nilpotent subalgebra of dimension n(n —1)/2. A similar demonstration can be
given for 1. It is also stabilised by an s[(n) subalgebra as in ( ) with Y*§,; = 0, however
the nilpotent part is now generated by

g 1 .. .
Y= - (XY 4 EY). (3.2.10)

Hence, the stabiliser of 1 is still isomorphic to sl(n) @ N because Y is only changed up to a
sign.

The novelty in the previous section was subtle, but the map R takes a pure spinor and gives
a pure spinor of the other type, up to a factor of i. For instance, if ¢ = 1, then taking R = R,
1& =e1 A...Aen. What this shows is that to characterise the model for Cliffs,, only one choice
of pure spinor is necessary.

The same cannot be said in the case of Cliff,, ,,. Since all spinors are real here, the notion of

1) is redundant. The naive assumption that
Muapg = (0, TsT'gy) for 1<A<B<2n (3.2.11)

characterises the model is no longer true. Since R doesn’t map between the zero form and the
volume form, and vice versa, we are forced to construct a geometric map involving both of them.
Furthermore, since 1 € E* and e; A...Ae, € E7, we expect our geometric map to be a pairing



36

(E*,E7). So, without loss of generality, take any non-zero 1, € E* and 5 € E~. Then one has
Map = (1/11,FAF31/)2) for 1< A< B<2n. (3212)

Raising one of the indices using 7;; on R™" gives an operator M, B whose square is a multiple
of the identity. Hence, by rescaling, this gives an appropriate paracomplex structure I.

3.2.5 Mixed structures

A complex structure in R?" provides a decomposition R*" @ C = E* @ E~, where both E* are
totally null and arise as the eigenspaces of the complex structure endomorphism. Similarly, a
paracomplex structure on R™" gives a decomposition R™"™ = E* @ E~, with E* again totally
null, but this time real.

The models of Cliff, ; we described rely on a structure that is an appropriate mix of complex
and paracomplex structures. The purpose of this subsection is to describe such more general
structures in geometric terms, with examples provided in the following sections.

We begin with a heuristic of what we would like in our approach to combining complex and
paracomplex structures. This leads to an axiomatisation once the principles have been fleshed
out.

We begin by imposing that a structure we do create gives an g—orthogonal decomposition

R™S = R2k:2L g R (3.2.13)

Second, the structure must select a pair of complementary MTN E* in both R?%:2! and R™™,
In other words, after a decomposition ( ) is chosen, the structure must select a complex
structure J such that J? = -I in R?%2! and a paracomplex structure I such that 2 =T in R"™™.

Now, working backwards we would like to extend I,J to act on the whole of R™*, with

R?%2l = Ker(I), and R™™ = Ker(J). (3.2.14)

Since both I,J act by projecting on their respective factors, we have IJ = JI = 0. Taking
the complex linear combination K := I +iJ means we have a linear map on R™* ® C with the
property that

K% =1 +i(IJ + JI) = J? = Tgmum + Ipor = 1 (3.2.15)

That is K is a paracomplex structure on R™*, apart from the fact that this map is complex-
valued. Another property the constructed map has is

KK=I*+J%-i(1J-JI) = KK. (3.2.16)

One can rephrase this as KK = KK = P is real. This provides a reality condition on the
map. Note that because K2 = I we have also P? = I. But now P is a real map and a paracomplex
structure that defines the splitting, R = R?%2! @ R™™ heing the P—eigenspaces of eigenvalue
+1 and -1 respectively.

Finally, we would like to describe metric compatibility between K and g on R™*. We have

9(KX,KY) = g((I+iD)X, (I +i))Y) = g(IX,IY) - g(J X, JY). (3.2.17)

No mixed terms of the type g(IX,JY) arise because both I,J project on to the metric
orthogonal components of R™*, R?%2! and R™"™ respectively. Hence, we have

g(IX,IY) =-g(X]2,Y]2), and g(JX,JY) = g(X|1,Y]1). (3.2.18)

Here X |, denotes the projection onto R™™ and X|; denotes the projection onto R2¥:2!, This
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means that we have
9g(KX,KY) = -g(X]2,Y]2) - g(X[1,Y]1) = -g(X,Y). (3.2.19)

Thus, the operator K is metric-compatible in the same sense that a paracomplex structure
is.

The difference with the usual paracomplex structure is that K is complex-valued, but satis-
fies the reality condition ( ). Tt is given by a complex linear combination of a paracomplex
and complex structures. We will refer to it as a structure of a mixed type, or a mixed struc-
ture for short. It is clear that as constructed, what this operator does is define an orthogonal
decomposition of R™° as kernels of its real and imaginary parts, as well as define a pair of

complex /paracomplex structures on the two factors R2*2 @ R"™™,
Having constructed an object with the desired properties, let us axiomatise it.

Definition 3.2.5.1. Let (V,g) be a real metric space, and let W be its complexification. Let
K :W — W be a linear map. If K satisfies

K?= I, KK = KK, and g(KX,KY) = g(f(X, f(Y) =-g(X,Y), (3.2.20)
then K is called a mized structure on V.

Proposition 3.2.5.1. The eigenvalue +1 eigenspaces E* ¢ W of K are of the same complex
dimension and are totally null.

Proof. Since K? =T and g(KX,KY) = —g(X,Y), this shows that eigenspaces E* of K are null.
The metric g is non-zero only when pairing E* with E¥, this guarantees that E* are of the same
complex dimension. O

These are the same facts as for paracomplex structures, but in the complexified setting. To
discuss a “real” version of K we introduce the product structure.

Definition 3.2.5.2. Let (V,g) be a real metric space. Let P:V + V such that P? =1, then P
is called a product structure on V. Furthermore, if P also satisfies g(PX, PY) = g(X,Y’), then
P is called an orthogonal product structure on V.

Proposition 3.2.5.2. Let P be an orthogonal product structure, of a real metric space (V,g).
Let V* be the eigenspaces of P with eigenvalues +1, respectively, then V =V*e@ V",

Proof. Tt is sufficient to show that V* is g—orthogonal to V. Indeed, let X, € V* then
g( X4, X)) =-g(PX,,PX_)=-g(X,, X). (3.2.21)
O

The namesake “product” makes sense now, meaning to factor the space in orthogonal com-
ponents.

Proposition 3.2.5.3. The operator P := KK = KK, where K is a mixed structure, is an
orthogonal product structure on V. That is P2 =1, and P satisfies g(PX, PY) = g(X,Y).

Proof. Indeed, P is a real operator, and so P € End(V'). Hence, P?=KKKK = KKKK =1.
Now, using g(KX,KY) =g(KX,KY), and K2 =1,

g(KX,KY)=g(KX,KY) = g(KKKX,KKKY) = g(P(KX),P(KY)). (3.2.22)

Then by defining KX = X and KY =Y, shows P to be an orthogonal product structure.  [J
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We now use P = KK to provide the orthogonal decomposition V = Vi @ Vi into the
eigenspaces of P.

Theorem 3.2.5.1. Let K be a mixed structure on V. Let V = Vg @ Vig be the eigenspace
decomposition with respect to the orthogonal product structure P := KK. Then K|y« is a
paracomplex structure and —iK|y- is a complex structure.

Proof. To prove this, we introduce the following notations
Kly+ =1, Kly-:=1iJ. (3.2.23)

These notations are justified by the fact that both I,.J are real operators. Indeed, applying K

to a vector X, € V* we have KX, = KKKX, = KX,, and so K acts on V* as a real operator

I:V* - V*. Similarly, acting on a vector X_ € V™ we have KX_=-KKKX_=-KX_, which

means that on V'~ the operator K acts as an imaginary operator, or as iJ with J: V™ > V™.
Some other useful properties can be proven. We have

K(VHcVv', KV )cV. (3.2.24)

Indeed, taking X =KX, and applying P we have PX = KKKX, = KX, = KX, = X, and

so X € V*. Similarly, for X = KX_ we have PX = KKKX_ = KX_ = -KX_ = -X. These
properties mean that the maps I, J are linear maps on V* respectively

I:Vt-Vv", J:V >V, (3.2.25)

It remains to show that
I?=Tys,  J?=-Iy-, (3.2.26)
where I+ are the projectors on V* respectively. Indeed, we have I? = (K|v+ )2 = K‘2/+ because of
( ). Therefore I? is the identity operator on V*. Similarly, (iJ)? = (K|y-)? = K&-, which
again equals to the identity. Thus J? acts as minus the identity on V. O

3.2.6 Pure Spinors in the Maximal Index Case

Given the described model, we have two preferred spinors: the volume form, and the identity
polyform in A(C™ @ R®). Their annihilators are R™*® (complexified) acting by Clifford multipli-
cation have dimension n, and so is maximal. Therefore, they are both pure spinors.

It is interesting to compute the stabiliser of the volume form since the calculation regarding
the identity polyform is the same and yields an isomorphic stabiliser, as has been shown for
Cliff,, ,, and Cliffy,. Its stabiliser subalgebra does not contain terms from ( ) that are built
from a pair of annihilation operators. Instead, it contains terms with a pair of creation operators
or with a creation and annihilation operator. The last group of terms must be constrained to
annihilate the pure spinor. The terms from the first line in ( ) are those acting solely on
A(C™). The subset of these terms that annihilates the pure spinor ey A ... A e, is su(n). The
surviving terms in the second line of ( ) generate sl(s) plus s(s—1)/2 terms satisfying

1 -
yH = 5(X“ + XY, (3.2.27)
For the last line in ( ), the conditions that there are no terms containing a pair of annihi-
lation operators are
Zi| _ Zi|
++

+—

and z" = 7" . (3.2.28)

There are thus 2ns real such terms. The stabiliser subalgebra is then su(n) @ sl(s) ® A, where
A is the part of the stabiliser generated by s(s—1)/2+ 2ns generators. The general element can
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be written as
Agiap = 2(XY =iV 7)azal + (XY - XY - 2v )b} + (XY + XV )i,

_ ) _ ] (3.2.29)
+(Z20y +iZ"0)a; + (20, - iZ"y)al,

where Ysij7Y;I‘] are the symmetric parts of Y’s and must be trace-free Y76;; = 0,Y767; = 0.
The Z! are 2ns real quantities.

3.2.7 Pure Spinors in the r =0 Case

We now consider the models that become possible when MTN of the real index that is not
maximal is chosen. To avoid overcomplicating the notation, we will only treat in the real index
r, such that r =0 and r = 1.

We start by considering the case Cliffy, 2o. In this case, the minimal possible real index is
zero. This means that we represent

R2r:20 _ R2P ® R2U7 (3230)

and then choose a complex structure in both summands. The corresponding —i eigenvalue
eigenspace is C” ® C7, and spinors become realised as polyforms in A(C? & C?).

We again introduce two pairs of creation and annihilation operators ai,a;.r7i =1,...,p and
dl,d},l =1,...,0. We referred to the second set as a rather than b to reserve the name b to
operators that act on a number of copies of R rather than C. The I'-matrices now become

Fi =a; + a;r, Fi+p = i(az - G,I), F1+2p = 1(51,[ + d}.), and F[+2p+g = EI,I - d; (3231)
Note that the placement of the imaginary unit is now opposite in the C? factor as compared to
the C? factor. This generates the correct Clifford algebra Cliff, 2.

The discussion of the Lie algebra, inner product, and Weyl spinors is unchanged from the
previous cases. The only novelty is in the available antilinear operators. Again, these arise as
the product of either all real or all imaginary I'-matrices followed by the complex conjugation.
Their squares can be deduced using ( ). Thus, we define

R = Fl cen Fp F1+2p+g cee F2p+20 Q:, and 9{' = F1+p e ng F1+2p ce F2p+g c.
N (3.2.32)
p times o times p times o times

Again, € is the complex conjugation map on C. We then have
%2 _ (_1)p0'(_1)p(p—1)/2(_1)0'(01-1)/27 and (ml)2 _ (_1)po’(_l)p(p+1)/2(_1)0'(0—1)/2. (3233)
This can be rewritten as
M2 = (~1)(P D P=o=D/2 and (W)?2 = (-1) o) e-ot)/2, (3.2.34)

This shows that their properties are controlled only by p —o. So, the availability of Majorana
and Majorana-Weyl spinors depends only on the signature, and not on the model used.

The pure spinor arising in this model is ey A...Ae, Ae11p A ... €54p. The general Lie algebra
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element can be written as

L ij L 5ij g
Apoo) = 5X I (a; +a;r)(aj +a;) - §X 7 (a; —a;.r)(aj —a;) +1Y" (a; +a;.r)(aj —a;)

1 Lt 1 orr o vv,~ - ] C ot~
- §X”(a1 + a})(aJ + af,) + iXU(aI —a})(a‘] —ajr]) +iv! (a; + a})(aj —ajr,)
+iZ (a; +al)(a; +ab) + Z (a; + al)(a; - ah)

- 27 (@i - al)(@s +a}) 12" (a; - af) (s - a}).
(3.2.35)

The terms in the first two lines that kill the pure spinor form the subalgebra su(p) @ su(c). The
terms in the last line that kill the pure spinor are those that do not have pairs of annihilation
operators and thus must satisfy

Z4 + 71 =0, and Zz1 - 7L = 0. (3.2.36)

This gives 2po real generators.

3.2.8 Pure Spinors in the r =1 Case

In the case Cliff(3,41,25+1) the minimal value of the real index is one. This corresponds to the
splitting
R2PHL27H - R2 g R* g RV (3.2.37)

The corresponding MTN subspace is obtained by choosing a complex structure in the first two
summands, and a paracomplex structure in the last one. The MTN subspace is then C*®C? ®R.

To generate the corresponding model for the Clifford algebra we proceed as in the previous
subsection, but append one pair of real creation and annihilation operators b, bT. The I'-matrices
are then

Iy=a; + al‘Lv Drigp =i(ar + d;)v Tii2pi00 = b+ b1, (3.2.38)
Tivp=i(a;—al), Triopeo=ds—al, and Taizpio0 =b-bl.

By taking the products of distinct I'-matrices, we obtain the Lie algebra. The inner product
construction remains unchanged. When we take the products of all real and all imaginary I'-
matrices and subsequently apply complex conjugation, we generate the antilinear operators,
from which reality conditions can be established. The subtleties involved become most apparent
when considering specific examples; these will be explored in the next chapter. Additionally, we
hope that the procedure for writing the stabiliser of a pure spinor, indexed by the real index for
arbitrary signatures based on the three special cases we provide, is clear.



Chapter 4

Real Stabilisers of Spinors in Low
Dimensions

This chapter explores examples of pure spinors and their corresponding geometric structures. We
present a small subset of the comprehensive analysis found in [BK22], upon which this chapter is
based. An interesting observation made here is that the geometry arising from Majorana-Weyl
spinors is not particularly noteworthy. It is more fruitful to consider the complex Weyl spinor,
which is the approach we shall take in studying orbits in higher dimensions. The first interesting
examples occur in four dimensions and will be revisited in the latter half of the thesis when
studying SU(2)-structures.

4.1 Spinors in 2 Dimensions

4.1.1 Spin(2)

This has a polyform representation over A(C). Let us denote the complex coordinate on C by
2z, and the basis vector in A'(C) by dz. We have a generic polyform of the form

U =q+fdz (4.1.1)

Here a, 8 € C. The even a and odd dz parts here are the Weyl spinors. Cliff; is generated by

the Gamma matrices
I =a+a’, and Ty =i(a-al). (4.1.2)

Their action on ¥ is
Ii(a+Bdz) = adz + B, and T'y(a + fdz) = iadz - if. (4.1.3)

If we associate with ¥ a 2-component column

\1,:( g ) (4.1.4)

Flz((l) (1)) FQ:(? Bi). (4.1.5)
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The Lie algebra is generated by the product I'1T's

spin(2) = {(‘g _?S)

The inner product ( ) takes the following form

s GR} ~u(l) (4.1.6)

(\Ifl, \I/2> = (a1 + ﬂldz) A (CVQ + ﬂgdz)‘top

(4.1.7)
=12 + Braz.
This can be written in matrix form
<‘I’1,‘1/2>=‘I’1T( (1) (1) )‘1/2- (4.1.8)
There are two antilinear operators
R=I1C, R =T5¢, (4.1.9)

with ]2 = I, (W')? = 1. Thus, we can use R to impose the Majorana reality condition. We have

Eﬁ(g):(g ) (4.1.10)

which means that Majorana spinors are of the form

(07

Uy :( e ) (4.1.11)

o and B* are complex conjugates of a and [, respectively. The spinor dz € S_ is our
canonical pure spinor associated with this model. It has a trivial stabiliser. The other canonical
pure spinor is 1 € S;. The generic Weyl spinors are multiples of these.

Remark 4.1.1.1. It is also interesting to discuss the Dirac equation. We now promote «, 3 to
functions a(z, ), B(z, Z), of the complex null coordinates z,z on R?. We take the usual relation

z = a1 +iza, (4.1.12)
so that the complex structure acts J(z1) = 29, J(x2) = —x1, and J(z) = —iz. We have

a9 o 0 o .o .0
- .2 = = 4.1.1
o, 0z 0z Om 02 ‘0z (4.1.13)

The Dirac operator is
0 0 0 + 0

D:=T1— +Ty— =2(a— +a' —). (4.1.14)
0x1 0xo z

This makes it clear that the solution to the Euclidean, massless Dirac equation is of the form

U(z,2) =a(z) + 8(2)d=. (4.1.15)

4.2 Spinors in 4 Dimensions

Things become much more interesting in dimension four. There are three signatures to consider.
The Euclidean, the Lorentzian and split: The Euclidean and Lorentzian cases have just one



43

possible model each. In the case of the split signature there are two possible models, one
corresponding to the real index equal to two, the other with real index zero. Thus, there are two
types of pure spinors in the split case. For brevity, not all cases are considered, only the r = 0
cases.

4.2.1 Spin(4)

We choose a complex structure, thus identifying R* with C2. We will call the arising null complex
coordinates z; 2, and the corresponding one-forms dz; 2. We introduce two pairs of creation and
annihilation operators a; 2, aiz. The T" operators take the following form,

Iy =-i(az - ag), Iy =as+ a;, s =-i(a; - aJ{), and I'y =ap + aJ{. (4.2.1)

We have adopted the numbering and the signs in the imaginary I'-matrices that become conve-
nient below. A generic Dirac spinor (general polyform) is given by

U = (a+ Bdza) + (ydzy + ddzs), (4.2.2)

where dzis :=dz; Adzy and «a, 3,7,9 € C. In matrix notations, the Dirac spinor is 4-component.
It is convenient to adopt the 2x2 block notations, in which Weyl spinors are 2-component. Thus,

we write
\IJ:(Z’[ZJ:),where¢+:(g),and¢_:(g). (4.2.3)

The action of the I' operators is as follows

Fl\If = —iﬂdzl - iOdeQ +1id + i’}/dzlg, FQ\II = —6(121 + OédZQ +0 - "}/dzlg,

4.2.4
[3W¥ = —iadz; +ifdzs + iy —1ddz12, and Ty W = adzy + Bdze + v + ddz10. ( )
In matrix notations this becomes
0 I 0 ot .
F4—( I 0 ),andFi—( Siel 0 ),forz-1,2,3. (4.2.5)

Here ¢ are the usual Pauli matrices. It is this simple form of the resulting I'-matrices that
motivated the choices made in ( ), ( ).

The Lie algebra is generated by products of distinct I'-matrices. This gives a 4x4 Lie algebra
matrix that is block-diagonal. Let us refer to its 2 x 2 blocks as A, A’, where A acts on S, and
A’ on S_ respectively. We have

R R R R
A=i (—o./“ + ie”kwjk) o', and A" =i (cf“ + ie”kw]k) a’. (4.2.6)

Here w?*, w’* are antisymmetric 2-tensors taking values in R. Both A, A’ are skew-hermitian
2 x 2 matrices. This demonstrates spin(4) = su(2) & su(2).

The invariant inner product is determined by the following computation

(\Ill, \112) = (Oél - Bldzlg + 'yldzl + 51(122) A (052 + /82le2 + ’72(121 + 52d22)|t
op

= (a1 B2 — a2f1) + (102 = 1251)-

(4.2.7)

Thus ( ) can be restricted to an antisymmetric pairing between (S,,S,), or (S_,S_). In
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terms of matrices on can write

(Wq, Wa) :‘I’1T( 8 2 )\112, where € := io2:( _01 (1) ) (4.2.8)

For the possible reality conditions, both & = T'sI'4€ and R’ = I'1I'3€ square to minus the identity,
and so there are no Majorana spinors in this case. Of them R = R’ commutes with all T-matrices
and defines the hat operator

doer( )= ) i )( 0 ) (129)

which squares to minus the identity. As before, a*,...~*, are complex conjugates of a,...,~.
For later purposes, we define @[Ji = z/;f

Two canonical pure spinors come with the model, the identity spinor, 1, and the top polyform,
dz12. They are both in S,. The stabiliser of both is the copy of su(2) c spin(4) whose action on
S, is trivial.

Tt is clear that a generic Weyl spinor of Spin(4) is also pure. Indeed, one can write an even
Weyl spinor of the form ¢, = (o= *9R’)1. Thus, a generic Weyl spinor shares the same stabiliser
as 1, i.e. SU(2). The group Spin(4) acts transitively on the space of Weyl spinors of fixed norm
(14,1, ). This space is the 3-sphere S3.

In the case of Cliffy,,, pure spinors are in one-to-one correspondence with complex structures.
The complex structure on R* corresponding to a generic Weyl spinor can be recovered as in
( ) via the following proposition.

Proposition 4.2.1.1. Let ¢, € S, be a pure spinor of Spin(4). Then there exists a complex
structure J, on R*, corresponding to ..

Proof. Using definition gives
By(¥y,1h,) =XV, (4.2.10)
where
¥ =dat Adat - %eijkdxj Adz® (4.2.11)
is the basis of self-dual 2-forms and
Vi Tr (600, ) = (2Re(a”B), 2Im(a” 8), af? - [32) (1.2.12)
is a 3-vector with squared norm
VP =V = (laf +[8*)? = (s, 1) (4.2.13)

If one raises an index of Efw, one obtains a triple of endomorphisms of R* that satisfy the algebra
of the quaternions

NP = =598, + €I R (4.2.14)
Hence object
1 .
Jy, ==XV, (4.2.15)
Vi

viewed as an endomorphism of R*, is then a complex structure that corresponds to the pure
spinor ¥,. O

For ¢ unit, Bs (1/4,1[4) is an injection S < S3. Then, one can project to V* the coefficients
of X% in By(14,14). The vector of coefficients, V, becomes a point on S2. Therefore, for any
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unit Weyl spinor, one sees the Hopf fibration given as
St 8% 82 (4.2.16)

The construction ( ) is very important, as we will see this come again in chapter
There we will highlight the quaternionic nature of Spin(4) much more.

4.2.2 Spin(2,2) — r =0 model

To construct this model, we choose an MTN subspace spanned by two complex vectors, obtained
as —i eigenvalue eigenvectors of a complex structure on R%2. We refer to the corresponding null
complex coordinates as 2; 2, and the corresponding one-forms as dz; 2. The general Dirac spinor
is the polyform

U =+ fdzip + ydzy + ddze, (4.2.17)

with «, 8,7, € C. We introduce two pairs of creation and annihilation operators a; 2, aiz. The
T'-matrices are given by

T'i=a+ aJ{, I's=a9 - a;, Ty =-i(ay - aD7 and T'y =i(ag + ag). (4.2.18)

Here our choice of T'y 5 is motivated to match I'y 3 in ( ). The other choices are motivated
by the desire to have nicer looking I'-matrices. The I'-matrices are then easily recoverable from

( ) and are given by
0 I 0 io®
Fl—( 0 )aFQ—( —i0'3 0 )7
0 -

. 0 o2 (4.2.19)
I's= 4 and I'y = 7
3 0,1 0 ) 4 0.2 0 .
The 2 x 2 blocks of the Lie algebra element are then
A=-io? (w2 + W) + ot (W - w??) + 2 (W - w??), and
(4.2.20)

A':i03(w12—w34)—01(w13+w42)—02(w14+w23).

Here w', for 1 < 4,5 < 4 are antisymmetric 2-tensors valued in R. Both A, A’ are trace-free
matrices with imaginary diagonal and the off-diagonal elements being complex conjugates of each
other. These matrices form su(1,1), and so the Lie algebra is spin(2,2) = su(1,1) & su(1,1).
Thus, this version of the creation and annihilation operator model exhibits the isomorphism
Spin(2,2) =SU(1,1) x SU(1,1). The invariant inner product is still given by ( ).

The novelty as compared to the previous real index two model is that the spinors are now
complex. However, there are now two non-trivial antilinear operators that can be constructed,
R =T41T3¢€ and R’ = '>2I'4€. Unlike the case of Cliffy where their analogues both square to minus
the identity, now they both square to plus the identity, and either one of them can be used to
define the notion of Majorana spinors. For concreteness, let us use SR’ as the reality condition
operator. In matrix form we have

9%’:("1C 0 ) (4.2.21)

0 ole ) -
The operator R has the same action on S, and is minus this on S_. The action of R’ preserves
S, (and S_), and allows us to define Majorana-Weyl spinors. It is clear that a Majorana-Weyl
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spinor in both S, is of the form

@
Yrnw :( o ) (4.2.22)
Thus, a Majorana-Weyl spinor is parametrised by a single complex number, a and its complex
conjugate a*. However, a general spinor in the case of this model is complex 2-dimensional, and
we need such complex spinors to recover the complex structure from a pure spinor. Thus, we
take a generic Weyl spinor ¢, € S.. This leads to a proposition similar to proposition

Proposition 4.2.2.1. Let 1, € S, be a pure spinor of Spin(2,2). Then there exists a complex
structure J on R??2, corresponding to 1/,

Proof. We compute, using definition ,

Bo(R(¢4),04) =i(jal* + |B)?) (detda? + dy'dy?) - 2iIm(a* ) (dz'dy’ + dz?dy?)

4.2.23

+ 2iRe(a* B) (dz'dy? - dz?dy"). ( )
This is a pure imaginary 2-form, which can be interpreted as a complex structure when one of
its indices is raised and it is rescaled appropriately. The best way to do this is to introduce a
triple of self-dual 2-forms

¥3 = dalda? + dy'dy?, B! = daldy?® - dz?dy!, and 2 = dz'dy! + dz?dy?. (4.2.24)
Then 4
B?(m(¢+)7,(/}+) = izz‘/’ia (4225)
where R
V = (2Re(a* B), —2Im(a* B), |of* + |3]?). (4.2.26)
The objects %, viewed as endomorphisms of R?? satisfy
LOPNY = =6,Y, B,P8Y =6, and B2P02 =4,7. (4.2.27)
This shows that 1
R p——— 5 (4 Ve 4.2.28
f |Oé|2 _ |B|2 pove ( )
squares to minus the identity and is a complex structure. O

In particular, when v, = (1,0) or ¢, = (0,1) this complex structure is plus or minus 3.
Thus, complex structures on R?? are parametrised by points on the hyperbolic plane Hs, as in
the case of R* they are parametrised by points of S?. Once again, it needs to be emphasised
that we have access to this complex picture only when we consider general complex-valued Weyl
Spinors.

Having the antilinear operators R, and PR’ at our disposal (which agree on S.) we can
compute

(9‘*'(%), 1ZJ+> = |B|2 - |a|2' (4'2'29)
The action of Spin(2,2) on S, viewed as complex 2-component columns preserves this invariant.
We note that when ¢, is a spinor of a fixed norm ( ), B2(R(¢4),1,) is a point on AdS; of

a fixed radius of curvature a € R, determined as follows
(V1)? + (V2)? = (V5)? = =(laf* - |B1)? = —a®. (4.2.30)

Projecting to V;, the coefficients of ¥ in By (R(4),, ), determines a point on the hyperbolic
sheet Hy. Thus, we encounter an instance of the non-compact version of the Hopf fibration

St AdS3 - Ho, (4.2.31)
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which is a precise analogue of the usual S' < S% - S? that was encountered in the case of R*.
One of the two copies of SU(1,1) does not act on S, while the other acts transitively on
AdS3. Thus, the stabiliser of any point on the with fixed radius of curvature |3|* - |a|? = a? is
SU(1,1) and
AdS; = Spin(2,2)/SU(1,1) = SU(1,1). (4.2.32)

This completely analogous to what we had in the R* case where the analogous statement was

S3 = SU(2). What is worth stressing is that all this becomes possible only in the setting of
generic Weyl spinors without any Majorana reality condition imposed.

Remark 4.2.2.1. Other geometric date stored in a generic Weyl spinor are as follows. We
compute, using definition ,

By (4,4 = 2iaf(dz'dz” + dy'dy®) + (o - ) (da'dy' + dz’dy?)

4.2.33
+i(a? + %) (dz'dy? - dz?dy"). ( )

Here the concatenation of two differential forms above is the suppression of the wedge product .
Furthermore, this 2-form is decomposable

By(14,94) =U AU, where
U =2iaBdy" + (o® - g*)d2® -i(a?® + f%)dz’, and (4.2.34)
1

5 2 s 2 5oy 2 52yq,.2
U= a2+62(—2a6dx +i(a” - B%)dy + (a” + 57)dy?).
For example, for the canonical spinor 1, = (0,1) we get Ba(ty,10) = —(da! +idz?)(dy* - idy?),
and for 1, = (1,0) we have By(v,,%,) = (da! —idz?)(dy! + idy?).

It is interesting to see how much of the above picture survives if we impose the Majorana
condition. Indeed, consider the following proposition

Proposition 4.2.2.2. Consider ¢ prw = (a, @*), as in ( ). Then the stabiliser is SU(1,1) x
R c Spin(2,2).
Proof. Let us begin by parametrising « = a + ib. The Lie algebra ( ), by reparameterising
appropriately, is given as
A= ( vty ) , for s,z,y € R. (4.2.35)
x + iy s

Solving Avpw = 0 gives the following set of equations

bs+ax —by =0,
(4.2.36)
as+bx+ay=0.

Consider the case where a # 0,b # 0. Solving for s,z and y in terms of a and b gives

_ Y i(b? +a?) 2ab —i(b? - a?)
A= (b2—32)( 2ab +i(b? — a2) i(b2 +a2) ) (4.2.37)

A is nilpotent of degree 2. Thus the subgroup stabilising ¥y, for a # 0,b # 0, is

y (c0+i(b2+32) 2ab —i(b? - a?)

W 2ab + i(b2 _ 32) o+ i(b2 + 82) ) y for some Co € R. (4238)

I'We shall continue this notation for the rest of this chapter.
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It is quite clear that the transformations written above for any cg,a,b,y € R is SU(1,1) xR c
Spin(2,2). The reduced cases where a = 0,b # 0, and a # 0,b = 0 follow the same pattern as
above, i.e. the transformation preserving ¢y is SU(1,1). O

One can quite easily extrapolate this statement to ¥y = (o, @) to see the stabiliser is still
SU(1,1) xR.

Geometrically, a generic Weyl spinor (of fixed norm) represents a point on AdSz. But,
Majorana-Weyl spinors have zero norm, |a|? - [a*|? = 0, and thus correspond to points on the
light-cone of a point in AdSs.

Remark 4.2.2.2. To see geometric data encoded by a Majorana-Weyl spinor, we take a general
Majorana-Weyl spinor ( ) in Sy, and compute the 2-form By (¥arw, ¥arw ). We have

By($mw, Yuw) = 2ilaf*(de' da? + dy'dy?) +i(Im(e?)) (dz'dy" + da’dy®)

. 5 1, 9 9.1 (4.2.39)
+i(Re(a®))(dz " dy” — da=dy").

This 2-form is purely imaginary and decomposable. For example, for a = 1, we have
Ba(Yarw, Yarw) = 2i(da’ +dy')(da? + dy?).

Thus, a Majorana-Weyl spinor only carries information about two real null directions, which
are the directions spanning M (¢ pw ). Here we exhibit the stabiliser of the canonical differential
form being smaller than the stabiliser of the spinor. Indeed, the subgroup in Spin(2,2) that
stabilises the 2-form is SL(2,R) = SU(1,1) c SU(1,1) x R c Spin(2, 2).

The two types of Weyl spinors that arise in the case of Spin(2,2) are only visible when the
spinors are complex-valued.

e The spinors of non-zero norm, ( ), are points in AdS3 of a fixed radius of curvature,
and AdS; = SU(1,1). Thus, spinors of the first type are in correspondence with MTN
subspaces of R?? of real index zero.

e The spinors of zero norm are Majorana-Weyl spinors, and SU(1, 1) acts on this orbit with
a non-trivial stabiliser. Thus, spinors of the second type are in correspondence with MTN
subspaces of real index two.

Therefore, this example sets the precedent: we lose collapse to a less rich geometry if we impose
the Majorana condition. We shall see this again for spinors in 6 dimensions.

4.3 Spinors in 6 Dimensions

4.3.1 Spin(6)

As usual, only the real index zero model is possible in this case. We choose a complex structure
on R®, and introduce 3 complex null coordinates z; o3, as well as the corresponding one-forms
dz12,3. We introduce 3 pairs of creation and annihilation operators a172,3,a1273. The Dirac
spinor is a polyform

U = Oéld223 + OéQngl + agdz12 + oy + Bldzl + ﬂQdZQ + 63(12:3 - 54(12123, (431)

with all coefficients complex-valued. The reason the last term is included with the minus sign
will become clear when we consider the inner product.
We act upon this Dirac spinor with the following Gamma matrices

_ T _ T _ i
' =a1+ay, Iy =as +ay, I's=a3+as,

(4.3.2)
ry=i(a; - aJ{), s =i(az - ag), and I'g = i(asg — a;).
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All T'-matrices work out to be

0 =
I - . 1=1,....6, 433
| (’YIT 0 ) ( )

where «; are the following 4 x 4 matrices

00 0 -1 0 01 0
oo -1 0 o 00 -1
=l o 1 0 o '] -1 00 0}
10 0 0 0 1.0 0
0 -1 0 0 00 0 1
1 0 0 0 d o o0 -10
73 - 0 0 0 _1 774 =1 0 1 0 0 ) (4'3'4)
0 0 1 0 10 0 0
0 0 1 0 0 -1 0 0
J o 001 da il 1000
BEN 1 0 0 0 P 0 0 0 1
0 -1 0 0 0 0 -1 0

They are all antisymmetric. The commutator of these I'-matrices is block-diagonal, with skew-
hermitian trace-free 4 x 4 blocks on the diagonal. This exhibits the isomorphism spin(6) = su(4).

The inner product pairs even to odd polyforms, and so is a pairing (S,,S_). Explicitly, we
get

(W, 0) :_ialgl +Z4:Bldl- (4.3.5)
1=1 1=1

It is in order to have the same signs here that we have put the minus sign in the last term in

(4.3.1).

There are two antilinear operators that can be constructed, R = I'1T'5I's€ and R’ = T',I'5T'4¢€.
The first of these squares to minus the identity, while (') = I. So, it is 9’ that gives us a good
real structure. It works out to be given by

¢
— ,_
R—SR—( 0

. ) . (4.3.6)
Given a Weyl spinor 9, € S,, we can construct

4
(R(+),104) = I_Z:1|041|2- (4.3.7)

Thus, there is a positive-definite Hermitian invariant quadratic form on S,.

Remark 4.3.1.1. A simple computation shows, for a generic Weyl spinor 1, of fixed norm, the
stabiliser is su(3) c spin(6). Hence, one has Spin(6) = SU(4) acts on the subset in S, of spinors
of fixed norm squared transitively, with the stabiliser SU(3). In turn, one has

ST =SU(4)/SU(3). (4.3.8)

Given that Weyl spinors are pure in this dimension, and directions of pure spinors define complex
structures in RS, we see that the space of complex structures on R is S7.

For a Weyl spinor, ., the object By (4,1, ) vanishes because the matrices ( ) are anti-
symmetric. The only non-vanishing object that can be constructed without using the operator
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R is Bs3(14,%,). From general grounds, we know that Bs(1),,1,) is given by the wedge prod-
uct of the three complex null directions in M (1), ) (theorem ). The objects that can be
constructed using R are the norm ( ) as well as Bo(R(1)4),1,). This is a 2-form that gives
the complex structure that corresponds to ¥, when one of its indices is raised and is rescaled
appropriately. For example, for the identity polyform 1 € S, one gets

By(R(1),1) =i(dz' Adz* + dz? A da® + dz® A daf), (4.3.9)

while for dzjao3 € S_ the result is the same with the extra minus sign in front. In this case,
B3(R(1),1) is invariant under U(3). Together with a compatible hermitian form, U(3) reduces
to SU(3). This is one of the few cases where the stabiliser of the spinor coincides with the
stabiliser of the differential form (and the compatible hermitian metric).

4.3.2 Spin(3,3)— r =1 model

There are two possible models. A model with real index three, that works with 3 real null
coordinates, and has all [-matrices built from the creation and annihilation operators with
real coefficients. This model is explicitly real, and it is natural to take in it all spinors to be
Majorana(-Weyl). The other model has real index one, and takes two complex and one real null
direction. As we will show, it is sufficient to only consider the latter model, for which we now
spell out the details.

We make a modification of the minimal index case of Spin(4,2), found in [BK22]. Declaring
the complex coordinates to be z; 3, and the real null coordinate to be u. There are two pairs of
creation and annihilation operators a; 3, alg and one pair b,bf. The general Dirac spinor is then

v = aldung, + O[Qngl + agdzldu +oyq + ﬁldzl + ﬂzdu + 53(12’3 - ﬂ4dz31du. (4310)

All coeflicients are complex-valued. The inner product is then still given by ( ). We take the
TI'-matrices to be

Ty =a) +al, Ty=b+b, Ty =i(as +al),

(4.3.11)
F4:i(a1—a§), F5:b—bT, and F6:a3—a;.

The directions 1,2,4 are now positive-definite, while 3,5,6 are negative-definite. The modified

I'-matrices are
0 7 ) ( 0 )
Iy = , I's=-i , 4.3.12
’ (Vi 0 ’ "o ( )

where 75,75 are still given by ( ).
The complex conjugation operators are given by R = I'1 2’56 € and R’ = I'sT4 €. They both
square to plus the identity, and so either can be used to define Majorana-Weyl spinors. We have

R:SR:('S 2)6, p:(_OH —011). (4.3.13)

A simple computation shows any element of the Lie algebra spin(3,3) = sl(4,R) commutes with
the real structure defined by R.

As in all cases considered before, the only object that can be constructed from a Weyl
spinor v, € S, without involving complex conjugation, is Bs(,,1,): the product of the three
null directions spanning M (t,). There are no invariants of i, that can be constructed in
this signature. Indeed, in 6 dimensions, the invariant pairing is (S, S%). Furthermore, as
R : S, - S,, one can not construct an invariant pairing between t, and R(%,). But the
action of Spin(3,3) on S,, prior to imposing the Majorana-Weyl condition, cannot be transitive.
Indeed, we expect two different types of orbits corresponding to two different types of MTN that
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are possible in this signature.
To see how this arises, let us compute By (R(v4),1,). We get

Bi(R(1),%) = (-2Re(a103) + 2Re(aza)))dz’ + (2Re(araj) — 2Re(aqa))da®
+ (2Im(ay ) - 2Im(asaj))de® + (2Im(a;aj) + 2Im(aza)))dz?

(4.3.14)
+ (laa|* = o] = |as|? + |aal?)da®

+ (—|041|2 - |a2|2 + |a3|2 + |a4|2)d335.

This is a null vector in R*?, which vanishes when the spinor is Majorana-Weyl, i.e. as = —af, ay =
—aj. We also note that the canonical spinor 1, = 1 is not Majorana, and By (R(1),1) = dz?+da5.
We then explain the two types of spinor in S, below.

1. When the spinor v, is not Majorana-Weyl there is a real direction in M (v, ) that can
be recovered by computing By (R(v), 1, ), as well as two complex directions that are the
other two factors in B3(+, ;). In this case, Bs(1,1,) is invariant under U(2) x R. Of
course, the stabiliser of a generic Weyl spinor is larger than this group. Furthermore, a
single generic Weyl spinor, 1, € S, defines only its MTN. To recover a complementary
subspace, and thus a structure of the mixed type, one needs another spinor 1_ such that
(¥4,%_) # 0. For example, we have

By(~dzz1du, 1) = i(dz' Ada? + da® A dz®) + da? A da®, (4.3.15)

which is the mixed structure whose null eigenspaces are those on which the model is
constructed.

2. When the spinor v, is Majorana-Weyl the only non-vanishing geometric object that can
be constructed is Bs(1)s,1;), and it is given by the product of 3 real directions spanning
M(%),). In this case, B3(%4,1,) is invariant under SL(3,R). Of course, the stabiliser
of the Majorana-Weyl spinor is larger than this group. As for a generic Weyl spinor, a
Majorana-Weyl spinor, 1., defines only its MTN. To recover a complementary subspace,
and thus a paracomplex structure, one needs another spinor ¢_ such that (,,%_) # 0. For
example,

By(~dzsydu — du, 1 - dzs;) = 2dz! A dzb + 2d2? A da® + 2d2® A da?, (4.3.16)
which gives a paracomplex structure with 3 real null directions dz!+dz%, dz?+da®, dzt £da3.

The analysis above shows minimal real index, r = 1, model is richer in geometry. This is
because in the r = 3 model, all spinors are real, and thus one can only generate a paracomplex
structure. In the r = 1 model, there are both Weyl and Majorana-Weyl spinors, so we can
generate mixed and paracomplex structures (complex structures cannot be generated as r can
never be zero).

Of course, the metric was assumed in all cases to raise the indices of the canonical differential
forms, allowing access to complex, paracomplex, and mixed structures — after all, the goal here
is to understand the stabilisers of different (Weyl) spinors. In the latter half of the thesis, we will
focus on complex structures only, as a formula exists to generate the metric from the canonical
differential forms.
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Chapter 5

Real Stabilisers of Spinors in
Higher Dimensions

In [BK22], it is demonstrated that Weyl spinors of Cliffy and Cliff; 5 correspond to 2-component
columns with complex entries, which can be identified with H and H’, respectively. In contrast,
for Cliffs and Cliffy 4, the Majorana-Weyl spinors are identified with O and O’, facilitated by
the triality of spinor and vector representations. This identification necessitates imposing a
reality condition. To fully understand this, a detailed description of the Majorana-Weyl spinors
is required.

Once this identification is established, we can complexify the representation, following the
philosophy that the Majorana condition excludes relevant information. It is crucial to note that
although there is a classification of spinors in Spin(8), it pertains to the complexified case. Here,
considering Spin(8,0) — the real case — we find that a pure spinor is stabilised by SU(4).
There are two impure orbits: one represented by a unit real octonion, stabilised by Spin(7),
and another by a general unit complexified octonion, stabilised by SU(4). The integrability
of these pure spinor orbits, corresponding to classical G-structures, is discussed. Later, the
discussion extends to the orbits of Spin(4,4), which present additional complexities. Moreover,
the integrability of the SL(4)-structure among Spin(4,4) stabilisers, which is non-classical, is
elaborated in [Kra24b].

A significant outcome is the realisation that impure spinors in 10 and 12 dimensions are
derived from the impure spinors of Spin(8). Pure spinors in these dimensions are associated
with classical stabilisers SU(5) and SU(6). We demonstrate that the closure of the canonical
differential forms derived from pure spinor orbits is equivalent to integrability of a classical
SU(5)-structure in 10 dimensions and a classical SU(6)-structure in 12 dimensions. With regard
to impure spinors, in 10 dimensions we discuss all stabilisers rooted from impure spinors of
Spin(8). Similarly, in 12 dimensions, using impure spinors of Spin(8) and imposing certain
conditions, we discuss several new stabilisers.

5.1 Spin(8) and Octonions

5.1.1 Creation and annihilation operator construction

To construct Cliffs we choose a complex structure, which identifies R® with C*. We denote the
complex coordinates by 21 . 4, and the coordinate one-forms by dz; . 4. We introduce four pairs

..........

of creation and annihilation operators q, ar,l =1,...,4. We introduce the following I'-matrices
Tyvi=ai+al, Tp=—i(a -al), where | =1,2,3,4. (5.1.1)
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Spinors are polyforms, i.e. elements of A(C*), in general with complex coefficients. Weyl spinors
are even or odd degree polyforms. Note that we have chosen the same signs as in ( ).

The interesting antilinear operator that arises in this case is given by the product of all four
imaginary I'-matrices with the complex conjugation,

R =TT, (5.1.2)

It is easy to check that R commutes with all the gamma-matrices. It is also easy to check that
R? = I, so R is a real structure. Since R is composed of an even number of gamma-matrices, it
preserves the spaces of Weyl spinors. Hence, we can define Majorana-Weyl spinors for Spin(8).

5.1.2 Majorana-Weyl spinors explicitly

It is now convenient to choose a basis e/ = dz; of basic one-forms. Then a general odd or even
polyform, that is also real, can be written as follows

Y= (u) = ure! +uie? ruge? + uiedt +uze® +ufe! iujet +iuge!®, (5.13)
Y=t (u) = ure™ +uie® uge®? +uiet +uze™ +uje'? +iug +iuget?,
where the quantities w;, with 1 = 1,...,4, are complex numbers, and u,” are the complex conjugates

in C. This particular choice of the complex coordinates u;, and in particular the choices made for
the coordinate e*, will become justified below by the desired form of the action of the I'-matrices.

The inner product is a pairing (S, S4), (S, S-). If we take two positive spinors ¥* (@), and
Y*(u), the product (¢*(a),v*(u)) is computed by taking the polyform ¢* (@) in the reverse
order, wedging with ¢¥*(u) and projecting on the top component. A simple computation gives

(*(a)," (u)) = 2Re Y ayuy. (5.1.4)

1=1

Thus, Majorana-Weyl spinors are identified S, = C*, with the invariant pairings on S, being
given by the standard definite Hermitian metric on C*.

The form of the inner product makes it clear that the basis {e*!, %2 €13 T} of S* in ( ) is
totally null. To make contact with octonions that are usually described in a non-null basis, it is
necessary to switch to a different parametrisation of polyforms. We parametrise the polyforms
by the real and imaginary parts of u; and write

uy = aq +ias, ug = ag + iag, ug = as +iar, and ug = ag + ioy. (5.1.5)

We will denote the components of the positive polyform by « and the negative polyform com-
ponents by 5. We then have
V" =g (eM +e®) +an (e + ) + as(e®® + e'?) + ay (1 - 1)
+ias (e — ) +iag(e?? - e3t) +iar(e®® - e?) +iag (1 + e*'?3), and
YT = Bilel + M)+ Ba(e? + M) + By + ) + By(e” - ')

+if5 (et _6423) +if6(e? _6431) 4 i57(63 _6412) + i50(64 + 6123)'

(5.1.6)
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5.1.3 The action of I'-matrices

We now introduce a 16-component column

Qo
g

()| e

\IJ—( )_ o | (5.1.7)
@1
Br

A computation shows that the I'-matrices become the following 16 x 16 matrices

0 I 0 -E,
FO:(H 0), F“:(Ea 0 )forae{l,...,7}, (5.1.8)

where

Ey =-Fo1 + Far — E36 + Eys, Eo = -Foz — E17 + E35 + Eyg,

E3 = -FEo3 + E16 — Eas + By, Ey=—-Foy— E15 — B — Esr,

E5 = -Fos + E14 + Ea3 — Eg7, Eg = —Fog — E13 + Eag + E57, and
E7=-Fo7 + E12 + E34 — Esg.

(5.1.9)

5.1.4 Octonions

The space of octonions O is a normed algebra with the property |zy| = |z||y| (i.e. a composition
algebra). The usual octonions (unlike split octonions) also have the property that the norm
of every non-zero element is not zero, which makes them into a division algebra. It is non-
commutative and non-associative, but alternative, which can be stated as the property that the
subalgebra generated by any two elements is associative.

A general octonion is an object

7
q=qol+ )" qae”, (5.1.10)
a=1

where e are unit imaginary octonions. The unit octonions anticommute and square to minus
the identity. The octonion conjugate changes the sign of all the imaginary octonions. The
octonionic pairing is

7
(¢.9) =la* = 47 = (q0)” + Zl(qaf- (5.1.11)

Here, q is the octonionic conjuation on @. We encode the octonionic product by the cross-
product in the space of imaginary octonions. Thus, we write

0=ReImO. (5.1.12)

Let e 7 be a basis in the space of imaginary octonions. The cross-product in ImQ can be
encoded by the following 3-form

C=e""+e%(e! —e?®) +ef (e’ -e) +e” (e’ - e!?). (5.1.13)

This encodes the cross-product in the sense that C(e?, e’ e®) = (e? xe’, e°), where the standard
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metric on R7 is used. So, for instance e x €% = €. C is also referred to as an associative cali-

bration, the Hodge-dual to C in 7 dimensions, *C| is referred to as the coassociative calibration
[SW10].

5.1.5 Octonionic model for Cliffg

The octonionic product can also be encoded into 8 x 8 matrices. To this end, we represent a
general octonion as an 8-component column. Then the operators of left multiplication by unit
imaginary octonions can be checked to be given by Le. = E,, where E, are precisely the same
matrices already encountered in ( ). Coming back to our model for the Clifford algebra,
Cliffg we see that the general linear combination of the I'-matrices is,

! 0 ILg
CIOFO + Z QaFa = I 0 . (5114)
a=1 q
We thus see that Cliffg is generated by matrices ( ) that act on 2-component columns with

entries in @. Majorana-Weyl spinors are then identified with copies of Q.

5.1.6 Pure Spinor Orbits in Spin(8)

In the creation and annihilation operator model, pure spinors are decomposable polyforms. In
particular, the model comes with two preferred pure spinors, the identity polyform, and the top
polyform. For Cliffs, both are in S, , and both are null spinors. It is also clear from ( ) that
only the linear combinations i(1 + e*'?%) and 1 - ¢*!23 are Majorana-Weyl spinors. Majorana-
Weyl spinors can be identified with O, and are never null. Thus, we cannot see pure spinors if
we restrict our attention to Majorana-Weyl spinors.

To describe pure spinors we need complexified real polyforms, which are then identified with
complexified octonions. Hence, in the octonionic description of Cliffg the generic Weyl spinor
is a complexified octonion. In particular, pure spinors are necessarily complexified octonions,
because they are null.

Let us see how this works for the two canonical pure spinors. The identity octonion I € Re(Q),
and purely imaginary unit octonion e* € Im(Q) are encoded as

I=i(1+e"?), andu:=e*=1-¢*23 ', (5.1.15)

This means that the pure spinors 1,e*12% ¢ S, are given by
1 . a123 _ 1 :
1=—(I+iu), and e = —(I-1iu). (5.1.16)
2i 2i

We have the operation of complex conjugation that reverses the sign in front of i. In fact, this is
the complex conjugation operator R, an antilinear operator that acts on polyforms, interpolating
between 1 and e*'23. This operation should not be confused with the octonion conjugation.

For Spin(8), the only possible numbers of insertions of I'-matrices between two Weyl spinors
of the same chirality are zero, two, and four. The product of two I'-matrices restricted to
S, is expressible as either F, or E,FE, with a,b = 1,...,7. Both are antisymmetric. Thus,
Bs(t4,14) = 0. This shows that null spinors with By(t4,%,) = 0 are pure. Because the inner
product of a Majorana-Weyl spinor with itself is the norm squared of the corresponding octonion,
the Majorana-Weyl spinors are not pure.

In ( ), we have an example of two canonical pure spinors. In the octonion description,
they become complex linear combinations of two unit octonions. From general considerations, we

4

1The convenient notation of denoting u as the imaginary unit octonion e* is used throughout the rest of this

chapter.
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know that either of these two pure spinors defines a complex structure in R® and that By (v,,,)
is the product of four null directions spanning one of the eigenspaces of this complex structure.
It is interesting to compute both the complex structure and By(ty,1,) explicitly for a given
representative.

Proposition 5.1.6.1. The symplectic form defined by the pure spinor ¥, = 1 is proportional
to Inu—-w. Where
w=e'® 420457, (5.1.17)

Proof. The complex structure comes from By(R.(v4),%,). We have R(1) o< 123 and so
By(R(1.), ;) o< ((I+ i), IT(I - i), (5.1.18)
The components of this 2-form in the I,z € Im(Q) directions are

(M +iu), I T (I-iu)) = ((I+iu), L,(I-iu)),and

5.1.19
((I+iu),TTy(I-iu)) = ((I+iu), Lz L, (I -iu)). ( )
We also have
I+iu), L,(I-iu)) = 2iu,
(@) L(-w) =2, 520
((I+iu), LyLy(I-iu)) =2i(e™” +e™ +€”") := 2iw.
Thus, overall, we have the following 2-form in R®
1
5((H+iu),FF(H—iu)):]I/\u—w. (5.1.21)
i
O

Hence, raising an index with the metric gives a complex structure reducing Spin(8) to SU(4).
The complex structure is present from a choice of complex structure on @. A natural choice is
Ly of left multiplication by the unit imaginary octonion u. The eigenvectors of eigenvalue —i
are given by

[+iu, e' +ie®, e? +ie’, and e +ie’. (5.1.22)

The Kéhler form arising is proportional to I A u + w, which is ( ) up to the sign in front of
the last term. Consider instead the operator R, of right multiplication by u. Its —i eigenvectors

are now

1 5 2

[+iu, e' —ie®, e —ie®, and e® —ie’, (5.1.23)

and the corresponding Kéhler form is proportional to ( ). Thus, the sign discrepancy comes
from a choice of left or right multiplication by unit imaginary octonion u.

We can alternatively recover the complex structure with its (0,1) and (1,0) directions by
computing By(¢,%:) or By(R(¢:),R(¥,)). We know that both are decomposable and are
given by the product of four (0,1) null directions, or four (1,0) directions.

Proposition 5.1.6.2. The top holomorphic form that encodes the complex structure for ¢, =1
is proportional to (I +iu) A Q = Qg. Where

Q:= (e1 - ie5) A (e2 - ieG) A (63 - ie7). (5.1.24)
Proof. Thus, we want to compute

((I-iu), TTTT(I - iu)) € A*(R®). (5.1.25)
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The various components of this 4-form that we need are given by

<w7F]IF;CFsz¢> = (¢,La:Lng¢)7 and

5.1.26
('(/Jvrzryrzrww) = (w,LngLszl/)), ( )

where on the right-hand side the spinor 4 is interpreted as a (complexified) octonion. A com-
putation gives

((I-iu), Ly L, L. (I - iu)) = 2i€,

5.1.27
((T-iu), LyLyL.Ly(I-iu)) = 2u A Q. (5.1.27)
This means that .
%((H —ju), TTT(I - iu)) = (I +iu) A Q. (5.1.28)
O

The 4-form obtained as ((I+iu),'TTT(I+iu)) is given by the product of the complex conju-
gate directions. To summarise, we learn that the complex structure on R® = O that corresponds
to the complex conjugate pair of pure spinors [ +iu and I —1iu is given by Ry, the right multipli-
cation by u. Furthermore, the differential forms constructed from the pure spinors are stabilised
by SU(4), so there is a reduction from Spin(8) to SU(4) if one chooses a pure spinor orbit. This
was an enlightening example for the next section, where we will show that a general complex
Weyl spinor corresponds to an SU(4)-structure as well.

5.1.7 Impure Spinor Orbits in Spin(8)

There are two classes of orbits for Spin(8). The first are Majorana-Weyl spinors, or real octo-
nions, with a stabiliser of Spin(7). Then a generic Weyl spinor, or complexified octonions, is
considered. This type of spinor will have an SU(4) stabiliser.

We begin by analysing Majorana-Weyl spinors. Such spinors cannot be pure. First, such
a spinor has a non-vanishing norm (¢, %), which coincides with the norm squared of the
corresponding octonion. Second, the group Spin(8) acts on the space of Majorana-Weyl spinors
of fixed norm and of one helicity transitively, with the stabiliser Spin(7). So, we have

S™ = Spin(8)/Spin(7). (5.1.29)

This can be seen from the fact that the Majorana-Weyl representation is isomorphic to the vector
representation S, = RS,

A Majorana-Weyl spinor of Spin(8) thus has Spin(7) as the stabiliser, and endows R® with
a Spin(7)-structure. This is the 4-form By(tpr,vnr) — the Cayley form, whose stabiliser in
GL(8,R) is Spin(7). Any unit Majorana-Weyl spinor is in the Spin(8) orbit of this spinor. It is
instructive to compute this 4-form explicitly for a representative.

Proposition 5.1.7.1. The Cayley form for the choice of Majorana-Weyl spinor ¥, = 1 is
proportional to I A C + *=C, where
C =€+ 6% (et —e?®) + 5 (e?? —e3) + " (e - €e'?), and

%O 1= 1234 1 6T( 41 | 623) 4 oT5(42 | o31) 4 o56(e43 _ o12), (5.1.30)

Note that C' is just the associative calibration that encodes the octonion product, and *C' is
its Hodge dual in R7, the coassociative calibration.
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Proof. The components of this 4-form are given by ( ), hence,
(I,L,L,L.I)=-C, and (I, L,L,L.L,I)=-xC. (5.1.31)
Thus, overall, we have
A*(R®) 5 (ILTTITI) = -1 A C - +C. (5.1.32)
O

We note, for future use, that
1
C=uArw+Im(Q), *C:Re(Q)/\u+§w/\w. (5.1.33)

A generic Weyl spinor of Spin(8) is a complexified octonion. When the spinor is not null, we can
always rescale it by a complex number to make it unit. As explained in [Cha97], see page 33, a
complex impure spinor defines a certain pure spinor. Indeed, assuming ¢ is unit and denoting
A= (R(¥), ), consider
j_ MW -RE)
21
Then (@[;,1/;) =-1and ¥ + 1/; is null and therefore pure. Because the stabiliser of R(1)) is the
same as the stabiliser of 1/ (since the stabiliser is real), this stabiliser also coincides with that of
v and thus ¢ + 1. This means that the stabiliser of ¢ is that of a pure spinor, which is SU(4).
The above discussion suggests that a general complex spinor continues to define a complex
structure on R®. To see this, we begin by showing that ¢ (and 1[)) can take canonical forms.

(5.1.34)

Lemma 5.1.7.1. Let ¢ and ¢ unit Weyl spinors as above. Then they can take the following
forms.
1 = cosh 7l +isinh7u, and R(¢) = cosh 7l - isinh 7u, (5.1.35)

and
¢ =sinh 71 +icosh7u, and R(¢)) = sinh 71 — i cosh 7u. (5.1.36)

Here 7 is a real parameter.

Proof. A complex spinor has a well-defined real and imaginary parts ¢ = a + i3, for o, 5 € Q.
Two invariant scalars can be constructed

(v, 9) =lal* - 8] + 2i(e, B), and (R(¢), ) = |a|* + |5, (5.1.37)

Rescaling the spinor to make it unit, implies |af> - |3]? = 1, (, 3) = 0. Also, using the action of
Spin(8) we can make a a multiple of I, and then use Spin(7) that stabilises I to make § (which
is orthogonal to @) to be a multiple of u. Thus ) takes the form,

¥ = cosh 7l +isinhTu, and R(¢) = cosh7I - isinhTu. (5.1.38)

Using A = cosh? 7 + sinh® 7 = cosh(27) and ( ) allows 9 to take the form,
¢ = sinh 71 +icosh7u, and R(¢) = sinh 7] - i cosh ru. (5.1.39)
O

The arguments above imply that
¥+ = 2(cosh7 +sinh 7) (I + iu), (5.1.40)

which is the pure spinor we already considered above. Indeed we have the following,
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Lemma 5.1.7.2. The Kéhler form Bz (1, R(%))) that encodes the complex structure for 1, i.e.
the complex structure defined by the pure spinor I+ iu, is given as isinh(27)ws, where wg is a
symplectic form in 8 dimensions.

Furthermore, the complex 4-form By (R(v¢),R(v)) is given as

1
cosh(27)Im(Qg) — isinh(27)Re(s) - JWs Aws (5.1.41)

(the so-called complex Cayley form [[Kra24b]). Here Qg is a top holomorphic form in 8 dimensions
( )-

Proof. Computing the following
(¥, LyR (%)) = isinh(27)u, and (¢, L,L,R(v)) = isinh(27)w, (5.1.42)

this gives
(¢, TTR(v)) = isinh(27)(I A u - w) = isinh(27)ws. (5.1.43)

To compute the 4-form By (1),1) we need the following results

(R(v), Ly Ly L R(9)) = isinh(27)Re(2) - cosh(27)Im(Q2) ~uAw, and

1 (5.1.44)
(R(v), Ly LyL,L,R(%)) = —cosh(27)Re(2) A u - isinh(27)Im(2) Au— qUAW:
This means that

(R(¢),TTTTR(v))) = cosh(27) (I AIm(Q) + u A Re(Q))
—isinh(27)(IARe(2) —ualIm(Q))

—%(]I/\u—w)/\(]l/\u—w) (5.1.45)

= cosh(27)Im(§2s) — isinh(27)Re(s) - %wg Aws.
O

The complex Cayley form, B4(R(¢),R(%)), is SU(4) invariant. Indeed, because the blocks
IAIm(Q)+urRe(2) and InRe(2)—ualm() are the imaginary and real parts of the holomorphic
4-form Qg ( ), they are SU(4) invariant. The last term is the product of the two copies of
the Kéhler (1,1)-form, which is again SU(4) invariant. This leads to a statement on integrability
of SU(4)-structures derived from Weyl spinors.

Proposition 5.1.7.2. The complex Cayley form, Bs(R(v),R(%)), is an integrable SU(4)-
structure if, and only if, the exterior derivative of dB4(R (%), R(¢)) = 0.

This is proved in Proposition 5 of [Kra24b]. The SU(4)-structure here is not generated by a
pure spinor, but a complex Weyl spinor”. This is one of the few cases where we have understood
the integrability of a non-classical spinorial G-structure.

5.2 Spin(4,4) and Split Octonions

5.2.1 Real model

The link to split octonions arises if we consider Majorana-Weyl spinors. These are easiest to
describe in the real model, which starts by selecting a paracomplex structure on R**. However,

2 A pure spinor, also generates a SU(4)-structure whose integrability corresponds to being parallel with respect
to the Levi-Civita connection.
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Majorana-Weyl real spinors do not capture all possible spinor types that arise, as we have
witnessed in the previous chapter. For this reason, it is better to develop everything in a complex
model from the beginning, and then impose the Majorana condition if needed. Nevertheless, we
start by describing the simpler real model and then switch to the complex description. The real
model arises by selecting a paracomplex structure on R**. Let R* be one of the resulting totally
null subspaces, and let u, for | = 1,...,4, be the null coordinates and du, the basic one-forms.
It is more convenient to use the notation du; = e¢;. We introduce four pairs of creation and
annihilation operators a; and alT. We define the I'-matrices as follows.

FO:a4+aL F1:a1+a];, I’Q:a2+a;,

F3:a3+a;, 1_‘420,4—0,17 F5:a1—a11-, (521)
I's =a - ag, and I'y = a3 —a;

The Majorana-Weyl spinors are even and odd polyforms in A(R*) with real coefficients. The
basic polyforms e);. :=e;AejA... are all null with respect to the invariant inner product, which
will be described below. For this reason, to establish a link with the split octonions in the usual
non-null basis, we introduce a non-null basis in A(R*). This leads us to write,

Sts 'l/)Jr = C¥1(€41 - 623) + C¥2(642 - 631) + 063(643 - 612) + a4(1 - 64123)

+ 065(641 + 623) + a6(€42 + 631) + 017(643 + 612) + O(o(l + 64123), and

5.2.2
S™ 397 = Bi(e1 —ea23) + Paea — eas1) + P3(es — ea12) + Ba(es — e123) ( )
+B5(e1 +ean3) + Bo(ea + eas1) + Br(es + ear2) + Bo(ea + €123).
The invariant inner product is a pairing (S*, S*). A simple computation gives
(¥*,97) = 2((040)2 + (041)2 + (CV2)2 + (CV?,)2 - (C¥4)2 - (045)2 - (046)2 - (047)2)7 and (5.2.3)
(07,07) =2((B0)* + (B1)* + (B2)° + (B3)° = (B1)* = (B5)* = (B6)* = (B7))- -
We now form a Dirac spinor, which is a 16-component column
Qg
a1
U= ( if ) = g; : (5.2.4)
@1
B

where we put the 8 o; components of * on top and 8 §; components of ¢~ at the bottom of
the column. The order in which the components appear is 0,1,...,7. The I"-matrices become
the following I'-matrices in this basis

0 I 0 -E,
FO:(H 0), F“:(Ea 0 )forae{l,...,?}, (5.2.5)
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where

Ey = —Eo - Ea3 — Eg5 + Eg7, Eo = —Enz — E31 — Eyg + Ers,
Es = -Eo3 — E1z — Eazr + Esg, Eyq=Sos— S5~ So6 — Sa7
Es = Sos + S14— Sa7 + S36 Eg = Sog + S17 + S24 — S35,and
Eq = So7 — Si6 + Sas + Sa4.

(5.2.6)

5.2.2 Split octonions

Split octonions Q" form a non-associative normed composition algebra. It is not a division
algebra because there are null elements. A split octonion is an object

7
q=qol+ ) Ga&". (5.2.7)
a=1

The unit imaginary octonions €* anticommute and satisfy

(@) =(&)2=()=-1, (&")?=(8")"=(e)"=(")*=1L (5.2.8)

2

Thus, the split octonions I, &', 82,83 generate a copy of H c Q’. The octonion pairing is given

by
(7:9) =43 = (G0)” + (@) + (@) +(33)” = (3)* - (d5)" = (Go)” - (@7)*, (5.2.9)
where the conjugation, denoted by a bar, changes the signs of all the imaginary generators.
The product rules are most efficiently encoded into the following 3-form on Im(Q") = R”

O = 8123 _g(a%5 — &%) - 82(&10 — &7) - &3(&17 - &%). (5.2.10)

This encodes the vector product via
(uxv,w)=w Jv_Ju3C. (5.2.11)
Here u_ is the operator of insertion of a vector field u into a differential form. For example

&' x &% = &3, but &! x &% = —&” because the octonion pairing is negative-definite on directions
4,5,6,7.

5.2.3 Octonionic model for Cliff, 4

One can encode the operators of left multiplication by a unit octonion into 8 x8 matrices. Indeed,
we encode an octonion into an 8-component column

do
~ Q1
i~ | (5.2.12)
qr
It is then a straightforward computation to see that the operators of left multiplication by a unit
octonion precisely match the matrices in ( ) Lga = E,.
7
- - 0 L=
Golo+ Y. Gala = 7|, (5.2.13)
a=1 Lq 0

where Lg is the operator of left multiplication by a split octonion ¢ € Q.
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5.2.4 The complex model

We now develop the complex model of Cliff; 4. The starting point is a complex structure on
R*%, so that R** gets identified with C*. Let z;,I = 1,...,4 be the corresponding complex
(null) coordinates, and e! = dz; the basic one-forms. The metric on R** becomes the following
indefinite Hermitian metric

e v etet — el - e (5.2.14)
A general Dirac spinor is a polyform in A(C*), with complex coefficients. The I'-matrices that
square to plus the identity are given by

To=aq+ aL Is=i(aq - CL:D7 I'y =as+ ag, and T’y =i(ag — aT). (5.2.15)

Note that these generate a copy of Cliffy, and act only on the es, eq4 polyform directions. The
T'-matrices that square to minus the identity are

Iy=i(as+ ag), T7=ay- a;, Ig=i(a; + ai), and I's = a; - a];. (5.2.16)

The link to split octonions arises if we consider Majorana-Weyl spinors, so we must understand
the reality conditions first.

5.2.5 Reality conditions

There are two antilinear operators, the product of all real I'-matrices followed by the complex
conjugation, and the product of the imaginary ones followed by the complex conjugation. Both
square to plus the identity, and so give a possible reality condition. They only differ in their
action (by a sign) on odd polyforms, and agree on even polyforms. It turns out to be better to

use
R =T3¢ (5.2.17)

as the reality condition. A simple calculation shows that the following polyforms parametrised
by C* are real

* 4 123

Vo =uret —ule*® +uge® —uie® +uge® + ufe? +iujet + iuge®?, and (5.2.18)
41 2 42 1 4 12, . . 412 it
Yy =ure” —uje 3 ¢ use —u§63 + use 3+u§e +iuy +iuge 3,

This should be compared to ( ). Only some signs are different as compared to the Cliffg
situation. We parametrise the even polyforms by the real and imaginary parts of ujy

uy = s + lag, Uus = ap +iay, usz = as +iaq, and uy = a3 +iag. (5.2.19)
We get the following real parametrisation of even and odd polyforms

er — Ck5(€41 —623) +Oé7(642 —631) +OZ2(€43 +€12) +040(1 —64123)

+iog (e + ) +iay(e'? + e3) + iy (e - e!?) +ias(1 +e*'??), and

w— _ ﬁS(el —6423) +ﬁ7(62 —6431) +62(63 +e412) +ﬂ0(€4 —6123) (5220)
+ifBs(er + ) +ify(e? + e +iB (e - e''?) +iBs (et + e'3).
The spinor norms are then
1<w+,w+> = (a0)? + (a1)? + (a2)? + (@3)” = (@1)® = (a5)* = (a6)? ~ (ar)?, and
2 (5.2.21)

%(1/1-71/)—) = (B0)? + (B1)* + (B2)* + (B3)* = (B1)* = (B5)* = (Bo)* - (B1)*.
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We now place the components «, § into a 16-component column ( ), and work out the matrix
representation of the I'-matrices. We get precisely the matrices of the form ( ) with ( ),
which also justifies the choices for the signs of the I'-matrices.

5.2.6 Pure Spinors Orbits in Spin(4,4)

In contrast to the Spin(8) case, we now have several types of pure spinors. This is a precursor
to the next section, which aims to classify all orbits of Spin(4,4). In this section, we describe
certain representatives and compute their stabilisers to show the various geometric structures,
based on the complex model.

The complex model was obtained by choosing a complex structure on R**, and so in reverse
the canonical pure spinors that this model comes with, namely, 1,e'?3 ¢ S, give back this
complex structure. To see this, we translate the polyforms into split octonions. As in the case of
Spin(8), we need to complexify the octonions to see (at least certain types of) the pure spinors.
We have

Proposition 5.2.6.1. The stabiliser of & = i(1 +¢**%), and I = (1 -¢*'?*), hence 1 = %(H )
iés), and 64123 = _%(H + iég)a is SU(Q’Q)

Proof. We now need the following results

((I+i8%), L, (1-i8%)) = 2i&®,

5.2.22
((1+i8%),L,L,(1-i&%)) = 2i(8"% + 8™ + &°). ( )

This means that 1
§<(11 +i83), IT(1-i8%)) =1A &% - (812 +&™ + &%), (5.2.23)
i
This is a (1,1)-form of the complex structure that this (complex conjugate) pair of pure spinors
defines. To see what this complex structure is, let us consider the right multiplication by &3.
The —i eigenvectors of Rgs are

1 2 7

23:=[+18%, 24 := 81 — 162, 2z := &' +i6?, and 2z, := & +i&". (5.2.24)

We then have
((T+i8%),TT(1-18%)) = 25 Az + 2} A 2g — 2] A2 — 25 A 2o, (5.2.25)

where z; is complex conjugation of the imaginary unit i. Thus, Rgs is the complex structure
that corresponds to the pure spinors 1, and e*!23.

Let us also state the result for the stabiliser of the spinor I - ie
element on S, is

3. The general Lie algebra

Agpin(a,a) = W Eq —w* E, B, (5.2.26)
The stabiliser of I —i&? is the subalgebra determined by the following 13 constraint equations

1 23 45 67 2 w31 46 75

woswo, we=sws, W= , W =w',

wh = w™, W = w?, W’ = W, w'® =

w® = w0, w' = w?, Wl =w®?, W =w?, and (5.2.27)
’LU3 — w12 4 w56 " w74.

The stabiliser is thus dim(Spin(4,4)) — #constraints = 28 — 13 = 15 dimensional. Given that it
preserves a complex structure in R**, the stabiliser coincides with SU(2,2). O

Similarly for paracomplex structures, one has
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%(11 +éh)=1-eMB 1i(e?? + 3, (5.2.28)
This has stabiliser containing SL(4,R). The subgroup that stabilises ( ) and
%(H _EY) 1M (et 4 ), (5.2.29)
is SL(4,R).
Proof. We have
((1-8&"%), L, (I+&"))=2&" and
((T-8&%), L,L,(T+8&"%)) = -2(&" + &% + &7). (5.2.30)
Therefore
((I-&*),Tr(I+8&)) =2(Irn&" +8&" +8%° +&%). (5.2.31)

We thus see that the pair of pure spinors I — &*,1+ &* defines the paracomplex structure whose
real null eigenvectors are
I+&* &'+8&° &2+&% and & +8&". (5.2.32)
As an operator on Q' this paracomplex structure is described by Rga.
Let us state the stabiliser in this case. The stabiliser of I+ & is given by the 7 following
constraint equations

1

w —’LU14+U}5

+w? =0, w? + W - W +w® =0,
w—w? + b+ w20, WP+ —wP + w7 =0, 5933
w3—w34+w7+w47:0, w'? + w' —w?® + W% =0, and (5.2.33)
w + w? + w + 0?7 =0,

and so is dim(Spin(4,4)) — #constraints = 28 — 7 = 21 dimensional. This is of course larger than
dim(SL(4,R)) = 15. This example displays the case that one has a larger group of transforma-

tions stabilising a single pure spinor in the example of split signatures subsection . Now, in
addition, if we impose that I — &* is stabilised, we get six new constraint equations
wh+w —w® +w® =0, w? -+ w3+ w8 =0,
w? + w?* —w® +w® =0, w? - W'+ WP + w7 =0, (5.2.34)
w? +w? —w +w' =0, w? - w'" + W +w =0,

which together with the previous set gives a subalgebra of dimension dim(Spin(4,4))-#constraints =
28 -7-6 = 15. Given that one preserves a paracomplex structure in R*, the stabiliser coincides
with SL(4,R). O

The above is a special case of SL(4,R)-structures in 8 dimensions. [Kra24b] approaches
SL(4,R) stabilisers in a similar fashion, and then seeks to understand the integrability conditions
of these structures in a comparable manner to SU(4)-structures in 8 dimensions. We shall give
some details in the next section, when analysing impure orbits.

Now consider the spinors

1 1 1 1
5(]1— ie3) - 5(é4 +i6") =1 +ie??, and 5(JI +i83) + 5(é4 ~i8") = M i3t (5.2.35)
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Both are null spinors, with a non-vanishing inner product between them. The first of them is
annihilated by
Fl - iF27 F5 + iFG, FO + F4, and F3 + F7, (5236)

and the second by the complement of these four vectors
Fl + iFQ, F5 - iF6, FO - F4, and F3 - F7. (5237)

So, they are a pair of pure spinors with null subspace spanned by two real and two complex
vectors. Note that we can rewrite these pure spinors as

1 i 1 i
S(-8"- %(éS +&7), and S(1+&")+ %(é3 ~&"). (5.2.38)

Both are of the form « + i3 where «, 3 are real pure spinors with («, ) = 0. One then has
Lemma 5.2.6.1. The mixed structure defined by the spinors ( ) is given as

Iae*+&%

+ie'? + 38", (5.2.39)
Proof. One has the following facts

((1-i8 -&*-i8"), L (I +i&> +&* —i&")) = 4&*,

. 5.2.40
((T-i8-&*-i8"), L, L, (I +i8® + &' -i8")) = —4i(&'* + &° - i8""). ( )

This means that we have
((T-i8®-8*-i&"),IT(I1+i8> +&* —i&")) = 4(I n &* + &7 +i6'? +i&°%). (5.2.41)
O
Raising an index of ( ) gives a complex endomorphism on R** whose square is propor-

tional to the identity, and is a sum of a paracomplex structure in the directions I,4,3,7 and the
imaginary unit times the complex structure in the directions 1,2,5,6. The stabilisers associated
to the complex and paracomplex structure are characterised as follows.

Proposition 5.2.6.3. The stabiliser of 3 (I -i&®) - $(&* +i€") and (I +i&®) + ;(&* - i€") is
SU(1,1) x SL(2,R).

Proof. The stabilising algebra in spin(4,4) of (I - ié® - &* - i&") is determined by the following
set of 13 constraint equations

16

w'® —w? =0, w'?

+w56:07 w15+w26:0, w37+w4207

T—w?® =0, wr+w** =0, W +w =0,

w1+wl4:O, w?
w’—w? =0, W+ 0w =0, W -w'®=0, W -w!" =0, and

w? +w?* + w' —w’ = 0.

(5.2.42)

The dimension of the stabiliser is thus dim(Spin(4, 4)) — #constraints = 28 - 13 = 15. Demanding
that the complementary spinor (I +ié&® +&* —ié") is also stabilised produces 9 more constraint
equations

w - w20, wT +wB =0, w-w=0, W - W =0,

w® +w =0, w3 -w =0, Wl +w =0, WP +w!" =0, and (5.2.43)

wd—wt +w' +w” =0.
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Simplifying the above 22 constraint equations gives

W' —w® =0, w2+ wP =0,

WP+ w?® =0, wh=w™, W= w,

4 1,2, 41 42 4 4
w’ = w3, wh?0 =0, w = w?? = w? =w'® =0, and

14
w27 = w2 = w3 = 57 = 36 = 57 = 13 = w7 = (.

(5.2.44)

At the level of the Lie algebra one sees a copy of su(1,1) c spin(4,4) acting on the two complex
null directions {&! —ié?, &’ +i&%}, as well as a copy of s[(4,R) c spin(4,4) acting on the two real
null directions {I+&%,&+&"}. As these Lie subalgebras commute, the stabilising subgroup is

SU(1,1) x SL(2,R) O

We have thus described the three representatives of the different types of pure spinors in
Spin(4,4). One gives a complex structure ( ), one paracomplex ( ), and the third
type gives a structure of the mixed type ( ). Of these, only the pure spinor giving the

paracomplex structure is real. In the next section, we shall construct these geometric structures
from general complex Weyl spinors.

5.2.7 Classifying Impure Orbits of Spin(4,4)

We now enter into a less familiar territory, as there seems to be no known classification of the
orbits of the real Spin(4,4) on the complex Weyl spinors, apart from the already considered case
of pure and Majorana spinors. This is in contrast to the case of Spin(8), where there is only one
possible type of general spinors, with the stabiliser SU(4).

We begin with Majorana spinors, which are simply the split octonions. There are three
possible types of such spinors: Non-null, spacelike (or timelike), and null. We have determined
the stabiliser of a null octonion in ( ). As we have seen in the previous subsection, a null
octonion is a pure spinor stabilised by Spin(7). Similarly, the stabilisers of spacelike or timelike
null octonions (pure spinors) are also 21 dimensional, and in both cases are given by Spin(4, 3).

For future use, we compute explicitly the stabiliser subalgebra of ¢ = I. It is given by the
following 7 constraint equations

w' = w? —w® 4w w? =~ - — w5, wd = w'? — w7 4w,
wh = —w'® —w? - w37, W = w - w? + w3, WO =W+ w? - W, and (5.2.45)
W = - + w5 + Wt

To classify general Spin(4,4) spinors, we use the same idea that worked in the Spin(8) case.
We consider a general complex spinor, which is a complexified split octonion ¥ = a+if, a, 8 € O/,
(the relations ( ) are still valid). However, since the signature is mixed, the norm squared
does not need to be positive. We can still assume that the spinor is not null (because if it is
null, it is pure) and rescale it to unit length. Thus, |a|? - |3/ =1 and («, ) = 0.

There are four cases to consider.

1. When |B|? > 0 both a, B have positive norm and can be chosen to be multiples of I, and &>.
The unit spinor can be chosen to be

1 = cosh 71 + isinh 7&°. (5.2.46)

Here, 7 is a real parameter. It is clear that the analysis in the case of Spin(8) is unchanged,
and this spinor defines a pure spinor that is a multiple of I+i&?, whose stabiliser is SU(2,2).
Thus, the general spinor of this type still defines a complex structure, and its stabiliser is
SU(2,2).
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2. Take -1 < |8]? < 0. This means that |a|? > 0, and we can still choose a to be a multiple of

I. This leads us to consider the unit spinor
¥ = cos Al + isinf &*. (5.2.47)

Here 6 is a real parameter, and we have (R(v),%) = cos?# — sin®# = cos(26). Denoting
A = cos(26) we can form the complement

A - R(Y)
ivV1-\2

This is again a spinor of norm minus one, and so

Y= =isinOI + cosh &, (5.2.48)

Y1 = (cosf+isin @) (I +&*) (5.2.49)

are both null and thus pure spinors. They are (complex) multiples of the spinors (I + &%)
that we have already encountered before. Recall that a paracomplex structure can be
constructed only when we have access to a pair of pure spinors with a non-vanishing inner
product. As 1) defines these two pure spinors (I + &%), we have the stabiliser SL(4,R).
When 6 = 7, one recovers Lorentzian Cayley forms, whose integrability is discussed in
[Kra24b].

. Suppose |8]* < —=1. This means that both a, 3 have negative norms. For example, we can

choose o < &*, 3 o< &”. This leads us to consider the unit spinor
¢ =sinh7&" +icosh7é&’, (5.2.50)
with real parameter 7. Then A = (R(v),v) = —cosh(27) and the complement is given as

M -R(y)

—cosh7&* —isinh7&". (5.2.51)
A2-1

Y=
This is again a spinor of norm minus one, and the spinor
¥ + 1 = (sinh7 - cosh7)(&* - i&") (5.2.52)
is pure. This spinor defines a complex structure on R** with the Kéhler form
%((é‘1 ~i8"),TT(&" +i8")) =T &® + &' + & +&°°. (5.2.53)

Thus, the general spinor of this type still defines a complex structure, and its stabiliser is
SU(2,2).

. Finally, if 8 is null, this forces the octonion « to be unit, and so we are led to consider the

spinor
Y =T1+i(& +&h). (5.2.54)

( ) is a complex spinor whose real part is an identity octonion, and the imaginary
part is a null octonion. Then, A = (R(t),%) = 1, and the construction of ¢ is no longer
applicable. It is clear that the geometric map arising in this case knows both about the
geometry related to I, and that of the real pure spinor & + &% The identity octonion
defines the Spin(4, 3) invariant 4-form —IAC + +C on R**. Here C is the 3-form, invariant
under Spin(4,3) transformations, built from a null purely imaginary basis in Im(Q’). The
pure spinor &% + &* defines its null subspace that can be seen to be spanned by

1-¢&7, & +&! &2-&°, and &' +&°. (5.2.55)
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To understand the geometry arising better, we compute
((T+i&® +i8"), IT(I-i&% —ig")) = 2i((I+&") A (&% - &") + (6% + &°) A (8! - &%)). (5.2.56)

The 2-form that arises is thus a sum of two decomposable pieces, each built entirely from
null vectors that are complementary to those in ( ). This has stabiliser s[(4,R) @ N.
Where N is a 6 dimensional nilpotent algebra. Which means, at the level of the Lie algebra,
the stabiliser is contained in spin(4,3) n (sl(4,R) & N).

It is also interesting to compute the stabiliser of I +i&3 +ié%. It is clear that the stabiliser
of ¢ is in the intersection of the stabilisers of the pure spinors I and &% + &*. Both are
stabilised by two different copies of spin(4,3) c spin(4,4) of dimension 21. An explicit
calculation shows that this intersection is given by ( ) supplemented by the following
4 constraint equations,

W' =, w2 1wl £ w2 4w = 0,

(5.2.57)
w? —w? —w +w® =0, and - w + W - W +w® =0,

Hence the stabilising algebra is dim(Spin(4, 4))—dim(Spin(4, 3))—#constraints = 28-7-4 =
17 dimensional.

Again, to summarise the more complicated results of this section. There are several types of
impure spinor controlled by the parameter |3|2.

Theorem 5.2.7.1. Let 1 be a unit Weyl (impure) spinor of Spin(4,4). Then one can write
Y =a+iB €0’ ® C. The stabilisers of 1 for various values of |3|? are given as:

|B]? > 0 leads to an SU(2,2) stabiliser.

-1 <|B[* <0 leads to an SL(4,R) stabiliser.

|B]* < -1 leads to an SU(2,2) stabiliser.

|3]? = 0 leads to a 17 dimensional stabiliser inside spin(4,3)n (s[(4,R) ® N) subject to the
constraint equation ( ) and ( ).

5.3 Spin(10) and Octonions

In the discussion of 10 dimensions, we take the approach of parametrising the space spinors using
complexified octonions. This results in a reduction to 8 dimensions. We see that there are two
types of stabilisers of impure spinors, given by: SU(4) x U(1) and Spin(7) x U(1). In addition,
we discuss the integrability of the pure spinor orbit stabilised by SU(5).

5.3.1 creation and annihilation operator construction

To construct Cliff1g we choose a complex structure, which identifies R'® = C®. We denote the
complex coordinates by z1,. s, and the coordinate one-forms by dz;, . 5. We introduce five
pairs of creation and annihilation operators a.,alT,I =1,...,5. We also introduce the following

I'-matrices

Tyv=a+af, Ty:=—i(a -af), where | =1,2,3,4,5. (5.3.1)
Notice that Cliffg c Cliff;o, and hence A(C*) ¢ A(C?). So there is a choice of A(C*) = (0 ® C)?
(given explicitly in section 5.1). Therefore, Weyl spinors in 10 dimensions have the following

parametrisation,
Yy =a+ B Adzs, and Y- =y Aadzs + 9. (5.3.2)
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Where a,7 € S 2 O®C and 8,6 € S; 2 O® C. Si are the even and odd Weyl spaces of
A(C?), respectively. We therefore identify 'y g, via ( ), through L, on A°d4(C*) and L
on A®V°"(C*), where 2 € O, and Z is the octonionic conjugate. Writing the Dirac spinor ( )

as a vector, one has 1 = (1/)+ w_)T = (a 68 v 5)T.

The T'-matrices can be seen as real endomorphisms on (0 ® C)* = C3?
0 0 0 L;z 0 0 1 0 0 0 -1 O
0 0 L, 0 o o o - oo 0 4
Be=lo o o ol ™|t 0 o o Tw=ly o o o (5.3.3)
L, 0 0 O 0 -1 0 O 0 i 0 O

In 10 dimensions, spinors of opposite chirality are paired, that is the spinor bilinear is of the
form (S.,Ss). The conjugation operator is defined as the following

R=T,..TylyC. (5.3.4)

R commutes with all the other I'-matrices and squares to the identity. Since it is a product of
an odd number of generators, one can take a spinor 1, € Sy, and can construct (R(t,),,).
Concretely,

aq + 10 10
b = (52+ 6) .. then R(v,) - ( - lﬁg) 5. (5.5
for a2, 1,2 € 0. Hence

(R(14),94) =l * + |aal” + 81 +[B2f*. (5.3.6)

Before we begin the analysis, we would like to introduce a different characterisation of Weyl
spinors in Spin(8) to that of section 5.1, only to make notation more compact. As before, let
¥ = ay +iag where a; 5 € Q. Also as previously, one imposes []|? = 1, so that |a;[* —|az|* = 1 and
(a1,a2) = 0. Hence,

|c1| = cosh(7), and |as| = sinh(7). (5.3.7)
Now the notational change: ¢ can be rewritten as
V=€ U+e 7T, for TR, (5.3.8)
Here ¥ = (‘al‘ + 1|a |) is a pure spinor, i.e. a null complexified octonion (see [Kra22] for more
details on the construction) and W = 1 (@—h - i|a I) is the complex conjugate.

5.3.2 Pure Spinors in 10 Dimensions

It is covered in [Kra22] what pure spinors are in 10 dimensions. But briefly speaking, one can
parametrise ¥t as

+ a1 + iO[Q
- laz) 5.3.9
(i) s
where a2, 81,2 € O. Then by theorem one derives algebraic conditions from By (¢p*, T'y*) =
X +iY = 0. Resulting in

B1an — P2t =0, Brag — o1 =0, (a1,a2) =(B1,52) =0,

(5.3.10)
|CV1|2 = |042|2 and |51\2 = |52|2-

The last 4 conditions are familiar, they imply that « and S are pure spinors of Spin(8).
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5.3.3 Impure Spinor Orbits in 10 Dimensions

By ( ) we can see that a canonical impure spinor in 10 dimensions is of the form

T —Ta )
= e, +e TV,
= (tBeTB Wyt e @,8) for 74,5 € R, and tz € C\{0}. (5.3.11)
We have no complex parameter for ¥, by rotating ¥* to a unit vector. Furthermore, assuming
that ¢4 is non-zero allows us to impose that [t5|> = 1. We now invoke a powerful result by [Bry20]
that shows one can rotate ¥ to kill the 8 component, reducing it to

Lemma 5.3.3.1. Let ¢/* as ( ). Then one can transform t*, by the action of Spin(10) to
o = (e “Wa N ‘I’“) for 74 € R. (5.3.12)

This means that understanding the orbit structure of Spin(10) reduces to understanding the
orbits of ( ), which is already understood because this is an impure spinor in 8 dimensions.

To find the stabilisers, let us compute the 5-form in various cases for the value of 7. First,
consider a generic impure spinor, i.e. 7, # 0.

Bs(¢*,4") = (cosh(27)Re(Qs) - %wg Aws +isinh(27)Im(Qg)) A dzs. (5.3.13)

The subgroup that stabilises this must then contain SU(4) x U(1). Here again Qg is the (4,0)-
form * along with wg is the Kahler form in 8 dimensions, that produces a compatible hermitian
metric reducing Spin(10) to SU(4). The dz; is stabilised by U(1) and is the complex coordinate
spanning the direction orthogonal to O.

Now suppose that 7, = 0, the resulting spinor is real and the 5-form is

1
Bs(4t,0%) = (Re(Qg) - S /\w8) Adzs. (5.3.14)
If we choose ¥, = £ (I+iu), i.e. ¥* is a unit octonion, we can see the manifest Spin(7) symmetry.
Thus, the stabiliser contains Spin(7) x U(1). We can summarise the above as follows

Theorem 5.3.3.1. Let ¢* be of the form ( ). Then, for various values of 7., one can
compute the following stabilisers.

e 7, # 0 leads to a stabiliser containing SU(4) x U(1).
e 7, =0 leads to a stabiliser containing Spin(7) x U(1).
Finally take ¢* = ¥, since this is pure we expect the 5-form to be
Bs (4,47 = Qs AdZs = Q. (5.3.15)

This is the top holomorphic form in 10 dimensions and hence stabilised by SU(5). We also note
that
By(R(¢"),9") = 2iwio. (5.3.16)

Where wig is the Kéahler form in 10 dimensions.
Proposition 5.3.3.1. Let M be a spin manifold of 10 dimensions, and suppose that " is a
spinor stabilised by SU(5) c Spin(10). The set of canonical differential forms associated to the

SU(5)-structure is given as Bs (1", ¢*) = Qi, and o: Bo(R(¢*),¥") = wio. The SU(5)-structure
is integrable if, and only if, the exterior derivatives of its canonical differential forms vanish.
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Proof. The structure of the proof resembles those found in [CS02] and [Kra24b]. Indeed, If the
above structures are integrable, then V{19 = Vwig = 0, hence the projection to d€21¢, and dwyg
vanish.

In the other direction, from general principles, it is known that integrability of SU(5) struc-
tures is controlled by the vanishing of intrinsic torsion, which takes values in

At @su(5)t = [[AM @ A*?]] @ A

=~ W, eWeed W3 oW, Ws. (5.3.17)
—— —— — ——
=[[A3:0]] =[[AZ']] =AY =AY

The exterior derivatives of 19, and wyg take values in

dQy € AP @ A% and

(5.3.18)

dwio e A* = [[A*°]] @ [[Af']]@ A
The Nijenhuis tensor, valued in W; @ W5 that controls the integrability of the complex structure
and so vanishes when dBs(1",1") =0 = dQyo = 0. Furthermore, the A% = A' part of d€;
vanishing implies that Ws = A! vanishes too. Again, it is known, see [Sal89], and discussion in
[CS502], that the components of dwig control Wi 3 4. As dBz(R(¥),%) =0 = dwio =0, Wi 34
vanish. O

In the proof above we have used standard notation for real complexified differential forms
and standard results decomposition of the intrinsic torsion space ( ), found in, for example,
chapter 3 of [Sal89], and [CS02].

5.4 Spin(12) and Octonions

In 12 dimensions, much less is known about the real orbits. In 10 dimensions, the classification
was made by [Bry20], and in the language of pure spinors, it was rediscovered by [[Kra24b].
The analysis of real stabilisers of Weyl spinors in 12 dimensions is difficult to approach unless
certain assumptions about the spinor are made. We shall show it is possible to parametrise a
Weyl spinor in 12 dimensions via even and odd Weyl spinors in 10 dimensions. After imposing
Majorana type constraints, we show there is a canonical class of spinors orbits one can consider.

5.4.1 creation and annihilation operator construction

Extending the case above, one identifies {w' | 1 < | < 12} be real coordinates of R'2. We
then endow a complex structure that identifies R'? = C%: 2! = w' + iw'**, 2 = w? + iw'!, and
2 = w'% +iw'?. The one-forms are then given as dz; 23.4,dz,dZ. We introduce 6 pairs of creation
and annihilation operators a.,a;ﬂa, at,a,at, 1=1,...,4. We also introduce the I-matrices that
generate Cliff15 as,

Tywi=ai+al, Tyi=—i(a -al), fori=1,2,3,4, Tg=a+al,

(5.4.1)
Iyo=-i(a-a'), Ty =a+al, and Iy = —i(a—-a').

Similar to 10 dimensions, the coordinates are chosen suggestively to induce octonions. Indeed,
Cliffg c Cliff}5, hence (0®C)? = A(C*) ¢ A(C®). In fact, the Clifford algebra has a representation
over (0 ® C)®. We choose to characterise the Weyl representations as follows.
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ST=3¢"=adz+pdZ+y+ddzAdZ = a,8€S;, v,0€S;}, and

2 @R

(5.4.2)

S~ =l =ade+Bdi+7+odendi= |2 ||a, Be St 4,5¢S;

S Ty O

Identifying the orientation of a Dirac spinor as ¥ = (¢+ w_)T. In addition, the Lie algebra
action on Weyl spinors S* = (0 ® C)* is given as

A+is p* +ig* -L,, —iLy, Ly, —1iL,,

-p—1iq A-is -L,, —iLy, —Lg, +iL,,
Loy —iLy, ~Lsy-ilg — Al+it pig | Vhere (5:43)
—L:@2 - iLZ72 Li’l + iLgl p* - iq* A —it

A A" espin(8), p,qeC, 212,y12€0, s, teR.

5.4.2 Pure Spinors in 12 Dimensions

To characterise pure spinors in 12 dimensions, we need a similar approach to that in 10 dimen-
sions. In 12 dimensions, (S*,S*) is the appropriate pairing. Hence, one can only insert 0, 2,
4, or 6 T-matrices in the pairing. Furthermore, by antisymmetry, Bo(¢*,¢") = B4(v*,9") = 0.
Thus, the only non-trivial differential forms one can construct are By(v*,¢*) and Bg(y*,v™).
If 4* is pure, then the 2-form Ba(t",9*) vanishes. First, let us compute the components of
By (¢*,9") in a basis,

(7, Tol109™") = ~(a, @) = (B, B) = (7v,7) = (9,6),

(", Tul12y") = ~(a,a) = (8,8) + (v,7) + (6,9),

(7, ToT129™) = i[~ (e, ) + (B, 8) = (7,7) + (6,9)],

(@, Tl 1y™) =i[-(e, ) + (8,8) + (7,7) = (6,0)], (5.4.4)
)
)
)

(Y7, Tol'119p™) = 2i [(av, B) + (7,0)],
<w+7 ]-—‘10]-—‘12”(/}+ -2i [(Oé, ﬂ) - (77 5)] ’ and
(", Talyyp") = (@, (LaLy - LyLz)B) = (7, (LzLy - LyLy)0).

(-, —) in the above formulas is the natural bilinear on O®C between two complexified octonions,
see . In addition, the components that are not written, like (¢p*,T';Tg9p*), (", T, T'1pv™)
etc., are exactly zero. Writing

o a1 +iag
«_|P B1+if,
= = 1 ’ for a ’ ’ a5 € @a 5.4.5
(G ~ 1+ i 1,2,81,2,71,2,61,2 ( )
) 51 + i(sg
a spinor in 12 dimensions is pure if Bo(¢)*,4") = 0 (theorem ), thus one has,

o1 ]? = Joal?, |81 = B2, |maf? = In2l, 161]* = |62)*, and

(a1, 02) = (B1,82) = (711,72) = (d1,02) = 0. (5.4.6)
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These are exactly the conditions for the components «, 3,7,d € O ® C to be pure spinors in 8
dimensions.

5.4.3 Orbits of Spin(8)-type Spinors in Spin(12)

As mentioned previously, the strategy of using spinors in 8 dimensions as roots of analysis allows
us to generate a new class of orbits in 12 dimensions. This is done by considering the following
even Weyl spinor in 12 dimensions. Let ¥ be an even spinor in 12 dimensions, characterised by
( ). Then V¥ takes the form

U=qdz+fdZ+vy+0dzAdZ = (y+pd2) + (a-dd2) Adz, (5.4.7)

where «, 8 € S7, 7,9 € S§. Imposing a modified Majorana constraint, R(y + adz) = —(8-ddz) A
dz® (Where R is the product of all real T-matrices in 12 dimensions), implies one can then

consider
0

T 0
o7 cos()I +isin(@)u |
cos(0)I - isin(f)u

(5.4.8)

Indeed, we see that the first spinor v+ adz is an even spinor of 10 dimensions, and S + ddz is an
odd spinor in 10 dimensions. In 12 dimensions, there is no concept of Majorana-Weyl spinors.
However, since the action of R interpolates between Weyl spinors of 10 dimensions (this exactly
why we wrote U in the form ( )), it is fruitful to consider instead: R(y+adz) = —-(8-ddz)Adz.
This condition implies that § = v* and -8 = a*. Following that, at least at the Lie algebra level,
it is not difficult to show there exists a subalgebra of spin(12) ( ) that can kill a, and —a* = 3
simultaneously. This results in
U =v+~"dzAndz. (5.4.9)

The final simplification that we make is to use a canonical parameterisation of a generic impure
spinor in Spin(8), again given in [Bry20], i.e. v = cos(8)I+isin(f)u". Thus, ¥ takes the desired
form ( ).

Although ¥, is complex, the inner product (¥g, ¥y) = |y|? is real. This implies that any
differential forms we compute will be real (or purely imaginary). Indeed,

Proposition 5.4.3.1. Consider Uy such that 0 + 27k, 0 # n/4+ 7k for k € Z. Then the stabiliser
of 1y contains SU(4) x SU(2). Furthermore, the real symplectic form is given as

By (g, Uy) =isin(20)ws +icos(20) (X AY + X AY). (5.4.10)
Proof. The non-zero, and unique components of the 2-form are given as,

By (Vg,¥g)s,y = —isin(20) (uz,y),
By (Wg, ¥g)g,10 = —2i,

Ba (W, ¥g)11,12 = 2i, (5.4.11)
B (g, Wg)g 11 = 2icos(260), and

By (¥g,¥g)10,12 = —2icos(20)

One then computes the following 2-form as

By (Wy,Up) = isin(20)ws + 2i(~dw’dw'® + dw'dw'? + cos(20)dw?dw - cos(260)dw'’dw'?).
(5.4.12)

3The minus sign is to ensure that overall sign of the complexified octonions in ¥y are positive.
4One is also free to use the parameterisation for an impure spinor given by ( ).
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Here wg is the Kéhler form in 8 dimensions, and the concatenation of decomposable differential
forms is the suppression of the wedge product. At first glance, it is unclear the stabiliser of
the directions {dw?,dw!®, dw'!,dw'?}. However, one can consider the following coordinate
transformation

X =sec(20)dw? + itan(20)dw*! — dw'?,
Y =sec(20)dw!! —itan(260)dw® — dw'®,
X =sec(260)dw? - itan(26)dw'! - dw'?,

Y =sec(20)dw! + itan(26)dw® — dw'®.

(5.4.13)

Therefore, By(Vy,¥y) is the desired result. Furthermore, notice, by raising an index with the
metric, there are two complex structures present. One reduces 8 of the 12 real dimensions to 4
complex dimensions, and the remaining 4 directions reduce 2 complex dimensions independently.
Hence, the stabiliser must contain SU(4) x SU(2). O

Proposition 5.4.3.2. Consider ¥y such that sin(f) = cos(0), that is 6 = w/4 + 7k for k € Z.
Then the stabiliser of ¢y contains SU(6), one can also compute the 2-form Bo(Uy, ¥y) as

By (U, Uy) = 2iwg + 2i(-dw’dw'® + dw' dw'?). (5.4.14)

Proof. Tt is not difficult to compute By (g, ¥y) above. Notice ( ) is symplectic form in 12
dimensions. Raising the index of the symplectic form gives us a complex structure, hence the
stabiliser must contain SU(6). O

Even further,

Proposition 5.4.3.3. Consider ¥, that is ¥y such that # = 0. Then the stabiliser of 1y contains
Spin(7) x SU(2).

Proof. If 6 = 0, then the spinor is a real octonion. This means that it is stabilised by Spin(7) c
Spin(8) c Spin(12). Furthermore, computing the 2-form gives

By (W, ¥g) =icos(20)(X AY + X AY). (5.4.15)

The above is a symplectic form in the 4 directions {dw?, dw'?, dw'!, dw'?}, raising an index
with the metric converts it to a complex structure in 4 dimensions. Hence, the stabiliser of a
real octonion is Spin(7) x SU(2). O

Finally, take ¢)* = ¥, and the rest of the components to be zero, i.e. a pure spinor. The
6-form Bg(y*,1™) is calculated to be

Be(¢™,9") = Q1a. (5.4.16)
This is the top holomorphic form in 10 dimensions and hence stabilised by SU(6). We also note,
BQ(’(/JJr,?/JJr) = 2i(JJ12. (5417)

Here wyo is the symplectic form in 12 dimensions. As in the 10 dimensional case, we can make
a statement concerning integrability of a SU(6)-structures derived from pure spinors.

Proposition 5.4.3.4. Let M be a spin manifold of 12 dimensions, and suppose that " is a
spinor stabilised by SU(6) c Spin(12). The set of canonical differential forms associated to the
SU(6)-structure is given as Bg(¢*,¢*) = Qi2, and o Bo(R(¢*),¥") = wiz. The SU(6)-structure
is integrable if, and only if, the exterior derivatives of its canonical differential forms vanish.
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Let us summarise the stabilisers we have found in the section, in the following table.

Stabiliser H Spinor Representative
SU(4) x SU(2) || Wy such that 0 + 27k, 6 + w/4 + 7k for k € Z.
SU(6) Uy such that 6 = w/4 + 7k for k € Z. (5.4.18)
Spin(7) x SU(2) Uy such that 6 = 0.
SU(6) U is a pure spinor.

The classification of Spin(12,C) (see section 6.2) tells us there are three types of complexified
stabilisers for impure orbits: Spin(7,C) x SL(2,C), SL(6,C), and Sp(6,C), and the complexified
stabiliser for the pure spinor orbit is SL(6,C).

The real stabilisers we computed in table ( ) correspond to the complexified stabilisers
as follows:

e In the impure cases.

1. Spin(7,C) x SL(2,C) relates to Spin(7) x SU(2).
2. SL(6,C) relates to SU(4) x SU(2), and SU(6).

e In the pure case, the complex spinor stabiliser corresponds to SU(6).

Notice that the complexified stabiliser Sp(6,C) is omitted above. This omission is due to
uncertainty regarding whether this stabiliser persists in the real setting, and if it does, what its
realisations are. This situation is likely a result of relaxing the modified Majorana constraint
we imposed on a spinor in 12 dimensions and attempting to analyse stabilisers from that point
onwards. Furthermore, the real stabilisers mentioned above, corresponding to their respective
complexifications, represent only a single “slice” of all possibilities. We are unsure if there are
additional real stabilisers not captured by the class of spinors we have considered, or if these
real stabilisers are the only realisations of the complexified stabilisers.



Chapter 6

Complexified Stabilisers of
Impure Spinors in Higher
Dimensions

6.1 Setting up the combinatorial problem and applications

Consider the vector space C?? and the associated Clifford algebra Cliff(C??). Suppose we choose
a pure spinor ¢g. Then the maximally totally null space of 19, M (1g), is the space spanned by
a space isomorphic to C%. Let {e; | 1 <4 < d} be a null basis in this space where g(e;,e;) = 0.
This null basis allows for a lift to Cliff(C?) c Cliff(C2?), corresponding to the generators that
annihilate ¢y. We define these operators using the standard annihilation operator notation a;.

Additionally, there exists another maximally totally null space such that Cliff(C?) @ Cliff(@d) =
Cliff(C24). This null space can be generated from vy and corresponds to a choice of null basis
{e;|1<i<d}c @d, where g(€;,€;) =0 and g(e;, €;) = §;;. These operators are defined using the
standard creation operator notation aI.

Now consider the space

S=Span{ I1 a;rla;...a;rkz/}0|keN<n}. (6.1.1)

11<i2<...1k

Then consider the subspace

S Span{ [T alal ...al dolke 2N<n}. (6.1.2)

i1<i2<...ik

It is suggestive, but also quite clear, that S = A(C?) and S* = A®°"(C?) above is the irreducible
Weyl representation. Taking motivation from physics, we define the vacuum state to be ¢y in
( ), as every other state is generated from this one.

It is also clear that these 2971 vectors of S* are pure spinors, and so any spinor in S* can
be written as a linear combination of at most 2%~! pure spinors. This motivates the following
definition,

Definition 6.1.0.1. Let 1) be a Weyl spinor in S*, equivalently a polyform in A®V**(C%). Then
1 is called an impure spinor of degree k if it can be written as a linear combination of pure

7
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spinors
k
=3 caVa, (6.1.3)
a=1

such that 1, are pure spinors, ¢, € C, and for any ¢, and g, |M (1) n M (¢p)| < d - 4.

The condition on the dimension of the intersection of maximally totally null subspaces, as
discussed by Cartan and Chevalley [CB68; Cheb4], states that if ¢ and ¢ are two (non-parallel)
pure spinors, then 1 + ¢ is a pure spinor if, and only if, M (¢)) N M (¢) = n—2. This was why we
imposed the condition |M (1) N M (¢g)| < d —4 in definition

The degree of an impure spinor will be very important in calculations to come. We will explain
later how stabilisers of impure spinors are understood through the intersection of maximally
totally null (MTN) spaces of the pure spinors that constitute an impure one. We want to
minimise the number of MTN spaces analysed, thus we shall try to bound the degree k.

For convenience, we also define the following

Definition 6.1.0.2. Let v, be a pure spinor as above, then we define the concatenation of
directions that constitute M (1, ) as the spinor .

Example 6.1.0.1. Consider M (v3) = Span{ay, as, a;g,a:rl} in d = 4. Then we will exploitatively
write,
3 = alagagai. (6.1.4)

With these foundations, we are equipped to start counting possible orbits. 1 can be repre-
sented, according to definition , by a k-simplex with edges weighted by the dimension of
the intersection of maximally totally null subspaces. A powerful corollary of these techniques is
the computability of orbits. However, in dimensions larger than 14 classifying diagrams is no
longer tractable. For example, the classification of spinors in 16 dimensions [[. V82] is notably
lengthy, reflecting the fact that the number of diagrams one can generate is substantially larger
than in fourteen dimensions. These computations are omitted in this thesis.

As was mentioned before, we associated to each diagram a canonical differential form. We
review the geometric map here again, because we are using a slightly different convention,

1
Bj,(U, W) := E(\Il,l“h DL UMY AL A M (6.1.5)

Here M" ... M'" e A1(C??) is a basis in the space of 1-forms in C2.

It is useful to recast this calculation as one in terms of creation and annihilation operators.
We write,

Y CULALCEY I VAl L (6.1.6)
2 2i
Then the geometric map takes the form
1 i _ in )
Bi(¥,¥) = (¥, (az,m" + al m™) .. (a;,m™ +al m"™)P). (6.1.7)

Following [BK23], the goal of this chapter is to use the machinery of geometric maps to
understand parts of stabilising algebras of (Weyl) spinors found through combinatorial means.
As the combinatorics is exhaustive, it is sufficient to pick a representative in a spinor orbit
and compute the canonical differential forms. Analysing the group actions that leave the forms
invariant allows us to access part of the stabiliser. Then, as we already have a list of all possible
stabilisers, [Cha97; Pop80], we can match our stabilisers to the literature.
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6.1.1 Occupation numbers

Let us consider each of the 2d basis vectors {ai,a;r} in C?? as a box. Each of the spinors 1, is
a pure spinor whose null subspace M (1,,) is d-dimensional, and thus occupies precisely d of the
2d available boxes. This observation motivates the definition.

Definition 6.1.1.1. The box occupation numbers are defined as the number of boxes occupied
by 0,1,...,k pure spinors in d dimensions, and denoted by

Ny, - .y N (6.1.8)

Each box is occupied by some number (possibly zero) of pure spinors, and thus each is
counted. Another way to restate this definition is that nj counts the number of shared directions
in ( ). For example, if ny = 5, there are 5 null directions shared by 2 pure spinors. Or ng =4,
implies there are 4 null directions shared by 3 pure spinors. A consequence of definition
is,

Proposition 6.1.1.1. Let n; be the box occupation number, k the degree of an impure spinor
in d dimensions, then

Ng+...+ng = 2d, (6.1.9)
Proof. Fix, without loss of generality, ny € {0, ...,d}, i.e. there are k pure spinors that share ny
directions, pure spinors are Weyl and so can’t share more than d directions. This means there
are 2d — ny, directions to allocate for ny_1...,n9. Without loss of generality, fix ng_1. Then as
previously there are 2d — ny —ny_1 directions left to allocate between for ny_s ..., ng. Eventually
one will no longer have any directions left to allocate and so 2d — ny — ... —ng = 0, giving the
desired result. O

We now begin to write formulas that follow a consistent pattern. Consider nj, which simply
represents the dimension of the Maximally Totally Null (MTN) space of a pure spinor. Geo-
metrically, we can visualise this as a vertex. mo extends this concept by querying the number
of shared directions between two pure spinors, effectively connecting the vertices with an edge
whose weight corresponds to the number of directions shared. Progressing further, ns pertains
to information about three pure spinors. This can be visualised as a triangle, where the weight
represents the number of shared directions. It is evident that embedded within n3 are three
edges (incorporating information about ns2) and three vertices (incorporating information about
ny). Within a k-simplex, it is relevant to ask about the counts of lower-dimensional simplices
embedded within it. This consideration leads us to explore the counting formula.

Proposition 6.1.1.2. Let n; be the box occupation number, k the degree of an impure spinor
in d dimensions, then

knk+(k—1)nk._1+...n1 = kd. (6110)

Proof. The formula relates the number of total number of boxes that can be occupied to how
they are distributed in terms of pure spinors. Fix nj, meaning there will be k spinors sharing
ny directions. For each direction, one has (]1“) boxes filled, but there are nj lots of these, so

ng X (’1“) = kny, occupied boxes contributing from these k£ pure spinors. Continuing along, we find
the total number of boxes occupied given by the sum

(];)nk+...+(kir)nk_r+...+(1)n1. (6.1.11)

Now the total number of boxes is occupied is not difficult to see being k x d, there are k pure
spinors and each pure spinor spans d directions. The result follows from equating kd and
( ). O
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Finally, there is a duality relation between occupation number. Indeed, If a pure spinor
occupies some box, it does not occupy the dual to its box. For example, if az is occupied then a;
cannot be occupied by the same pure spinor, because the space spanned by the boxes occupied
by some pure spinor must be totally null. Hence,

Proposition 6.1.1.3. Let n; be the box occupation number, k the degree of an impure spinor
in d dimensions, then
ng =ng, Ng_1 =n1, etc. (6.1.12)

In view of this duality, the two relations ( ) and ( ) are equivalent, thus we only
need one of them, e.g. ( )

Example 6.1.1.1. Let us consider a simple example in dimension eight of a spinor that is
not pure. This spinor is a sum of two pure spinors whose null subspaces do not intersect. Let
one of these pure spinors, say ¥4, be the vacuum state in ( ) from which all other possible
basis pure spinors are built. It is convenient to denote pure spinors by their corresponding null
subspaces. And so we take

wA = Qa1020a304. (6113)

Let us consider another spinor defined as
VB = a{agagal, (6.1.14)

where, similarly, we represent a pure spinor by its null subspace. In this case, d = 4, and the
occupation numbers are ns = ng = 0 and nq = 8. This implies that there are no directions (boxes)
that are occupied by either zero or two pure spinors, and every box is occupied by precisely one
pure spinor. Another useful interpretation, highlighting the concept of duality and the idea of
bozes, is demonstrated through the following table:

Pure Spinor ‘ ax ‘ as ‘ as ‘ aq H GJ{ ‘ a; ‘ a;ra ‘ ajl
Ya
Y

A filled box corresponds to a direction that the spinor spans, and an empty box, quite intuitively,
indicates a direction the spinor does not span. When stating no = ng = 0, it means no column
has two filled boxes or is completely empty, while n; = 8 indicates that there are eight columns
each with only one box filled. This visualisation not only clarifies duality but also shows that if
one fills horizontally four boxes, as is the case with ¥4 and g, then any empty column in one
spinor corresponds directly to a filled column in the other, thus illustrating the combinatorial
construction clearly.

Example 6.1.1.2. Let us consider a more complex example of a general spinor in eight di-
mensions, represented by a linear combination of all pure spinors listed in ( ). Here, k =8,
indicating that there are eight different possible states in ( ). It is straightforward to observe
that each of the available 8 boxes is occupied by exactly 4 different pure spinors, so n4 = 8.
Another way to express this is to note that in a table of the type presented previously, 4 boxes
are highlighted in every column, satisfying all relationships. However, at this stage, such a table
would be too large to illustrate, and the corresponding diagram too complex to draw. We will
later see that there is no need to consider k = 8, based on some straightforward analyses.

6.1.2 Edge intersection numbers

Definition 6.1.2.1. Let ¢ be an impure spinor constituted by k pure spinors. Introduce an
index I € {1,...,k(k—-1)/2} that labels edges with a label I that connects vertices a, 5. The
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edge intersection dimension is defined as the dimension of the intersection subspace of the null
subspaces M (v,), and M (v5). Explicitly,

er = ez = dim(M (Ya) N M(1g)). (6.1.15)
Define e = Y ; er as the edge intersection number.

As we know the possible edge intersection dimensions are d —2,d — 4, ..., where we assume
that the pure spinors in the sum ( ) are distinct, and so their null subspaces cannot intersect
in d, and d — 2 dimensions. Below, it will be useful how to take this constraint into account.

There is a relation between the occupation numbers and the sum of the intersection numbers.

Theorem 6.1.2.1. Let n; be the box occupation number, and k the degree of an impure spinor
in d dimensions. Then

Bo1) L (-D(k-2)

5 5 1+...+tne =¢€. (6116)

Proof. Similarly to the proof of theorem , we are counting the total contribution from
each edge of a k-simplex from k pure spinors. The right-hand side is obvious as there are (g)
edges each carrying some weight e; so the total contribution is just the sum. On the other hand,
if one fixes ny, meaning there will be k spinors sharing nj directions, then for each direction

there are (g) shared edges. Of course there are ny lots of these and so for k pure spinors one

contributes nj x (Z) Continuing along, one finds the total contribution of edges given by the
sum

k k-r 2
et . 6.1.17
(Q)nk .o+ ( 5 )nk .o+ (2)712 ( )
The result follows from equating ( ) to the total contribution from each edge, i.e. the
right-hand side of ( ). O
Let us illustrate the relation ( ) on the two examples already considered.

Example 6.1.2.1. For the spinor of purity k = 2 in eight dimensions the two pure constituents
P4 = arasazay, and Pp = aiagagal have intersection number zero. So, we represent their linear
combination of a simplex consisting of two vertices, and the edge connecting them. The edge

has intersection number zero. This corresponds to a diagram,

Y4 = ajazazaq,
A 0 B VB = aiagagal (6.1.18)

The only non-vanishing occupation number is ny = 8, which does not appear in ( ). The
right-hand side is also zero, as the only intersection number is zero in this case.

Example 6.1.2.2. Let us now consider the spinor obtained as the general linear combination
of all possible pure spinors in 8 dimensions. In this case, we get a simplex with 8 vertices, and
the occupation numbers are ny = 8. There are 28 edges. On one hand, the left-hand side of the
formula dictates that one must have (4 X %) x 8 = 48. On the other hand, if we consider from
each vertex, there emanates an edge with intersection number zero, as well as six edges with
intersection number two. Then there are 24 edges with intersection number two. Hence, both
sides of equation ( ) match.

6.1.3 Tetrahedral intersection numbers

Definition 6.1.3.1. Let ¢ be an impure spinor constituted by k pure spinors. Introduce an
index J e {1,...,k(k—-1)(k-2)(k—-3)/24} that labels the tetrahedra, with a label J that connects
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four vertices «, 5,7,d. The tetrahedral intersection dimension is defined as the dimension of the
intersection subspace of the null subspaces M (¢), M (¢g), M (1), and M (15). Explicitly,

ty=lgp5 = dim(M (o) N M (¢g) 0 M (1)) 0 M (¢5)). (6.1.19)
Define t =} ;t; as the tetrahedral intersection number.
We now have a relation similar to ( )

Theorem 6.1.3.1. Let n; be the box occupation number, and k the degree of an impure spinor
in d dimensions. Then

k(k-1)(k-2)(k- kE-1)(k-2)(k-3)(k-4
(-DE-2(-3)  G-DE-E-E-1)
24 24
We omit the proof of theorem , as this is a simple extension of proofs given in theorems
and

Example 6.1.3.1. In d = 4 there are 227! = 2 Weyl spinors in ( ), so no tetrahedron can be
constructed, thus we consider d = 6. This is the minimum dimension that a tetrahedron can be
constructed as there are 2371 = 4 Weyl spinors. It is constructive to consider an example via a
table

pure spinor ‘ a ‘ as ‘ as H aJ{ ‘ ag ‘ a;
(
o
s
Py

Without loss of generality, 1)1 can be declared the vacuum state, so we are left to play with
12 3.4. These spinors must span the whole Weyl space and so, up to permutation, the contents of
the table are all that one can write. Now, reading the table, one sees that the there are 2 boxes
always filled per column, in other words ny = 6. Furthermore, we see that the edges intersect in 1
dimensions each, so the sum of all edge intersection dimensions is 6. We also notice that ny =0,
hence, there is no shared direction between 4 pure spinors. This in turn implies the tetrahedral
intersection number is zero.

Example 6.1.3.2. Consider the complete set of pure spinors in eight dimensions, the next
minimal case after. There are eight pure spinors and ny = 8. There are in total 70 tetrahedra,
but most have intersection number zero. There are eight tetrahedra with a non-zero intersection
number, and they are given by

a1a2030a4, a;a§a1a4, aga:&alag, agalalag, all share direction a;.

a1a2a3ay4, a{agaga% aiaiagag, agalala% all share direction as.

a1a2a30a4, a{a;a3a4, aia}lagag, agalalag, all share direction as.

1020304, GIG;CL3G4, aiagaga% a;a§a1a4, all share direction ay.

ot ot ottt Tt ot : ; i
(405050, 01050304, G050204, 01040203, all share direction a;.

tt ottt t ot t ot i
0105030y, 01050304, Gy030104, A50,a1a3, all share direction as.

ot ot ottt Tt Tt : ; i
aqG5050y, 010350304, G5050104, A30,40102, all share direction as.

tor ot ottt tot it . i
0145030y, Q10,0203, (50,0103, 030,010, all share direction ay.

(6.1.21)

Thus, there are eight tetrahedra with ¢ =1, and ( ) holds.
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What we have shown is that theorem provides bounds for our counts. Indeed, we
must have ¢ < d-7 in order to obtain a linear combination of pure spinors that cannot be further
reduced, indeed, for d =8, t =8 -7 =1. As simplicies embed themselves into higher dimensional
ones, for any dimensions higher than d = 8, one always expects this relation to hold.

We will now analyse what all the equations imply together with the constraints on the edge
and tetrahedral intersection numbers. We consider the case of k odd and even separately.

6.1.4 Bounds on The Degree of Impure Spinors

We now analyse the bounds on the degree of impurity of a spinor k. It was noted that considering
ke {0,... ,2d_1} is superfluous due to additional conditions on edge intersection numbers, for
example. We begin by analysing the formula in theorem . Other formulas we have
generated help us understand the relationships between k£ and the underlying dimension d. We
will find that for d < 8, there is a neat bound that reproduces standard results in the literature.
For d > 8, the formulas for bounds on purity either break down or become trivially true.

We then appeal to the formula for tetrahedral intersection numbers in theorem , similar
to our approach with edge intersection numbers. These formulas are necessary to analyse spinor
orbits in the next chapter and need to be divided into two types. The reason is that
intersection numbers can only be of the form d—2p where p € {0, ..., [gj} Therefore, either one
reduces to a minimal edge number of 0, or 1.

Bounds via Edge Intersection Numbers

Beginning with odd purity, we derive a bound on k£ dependent on the underlying dimension d as
follows,

Proposition 6.1.4.1. Let n; be the box occupation number, and k the degree of an impure
spinor in d dimensions, such that k£ > 1 is odd. Then one has, for d < 8,

d

ko (6.1.22)

Proof. As k is odd, k + 1 is even. Furthermore, as all occupation numbers are in pairs related
by the duality, proposition ( ), equation ( ) becomes

N + N1+« + N(r1y/2 = de (6.1.23)

Then using ( ) with the relation ( ), one can write the formula in ( ) in terms of

the higher occupation numbers

S RkD) (D=2 +((’f—2)2(’f—3)+1)nk2

2 2

+...+((k_a)(k_a_1) +a(a—1))nk_a+m+(k—1)2
2 2 4

(6.1.24)

N(k+1)/2-

Here a goes up to the maximal value a4, = (K —1)/2. Substituting

n(k+1)/2 :d—nk—nk_l—...—n(k+3)/2. (6125)
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in the above equation gives,

o (k_1)2d:(l<:(k—1) ) (k-1)2)nk+((k:—1)(k-2) B (If—l)Q)nk1

4 2 4 2 4
, (6.1.26)
+m+((k:—a)(k:—a—1) +a(a—1) —(k_l) )nk_a+...
2 2 4

The n(j11)/2 term has been subtracted, so the last term on the right-hand side is one containing
N(k+3)/2- One can check that the coefficients in front of all the terms on the right-hand side are
positive, and so the left-hand side is a non-negative number. On the other hand, as we have
already discussed, the maximal value of the edge intersection dimensions in 2d dimensions is
d —4. This is so that no sum of the impure spinor is pure. And so the right-hand side of the
above is less than or equal to

k(k-1 k-1)2 k-1
RE=1) gy B2 =D sy sy, (6.1.27)
2 4 4
This must be non-negative, because the sum on the left-hand side of ( ) is non-negative,
which gives, for k£ > 1
(E+1)d-8k>0 = k(d-8)+d=>0. (6.1.28)
Rearranging the equation above to make d the subject achieves the desired result. O

The condition that d < 8 is imposed is to ensure k has a value, for example d = 8, and for &
to be positive, for example d > 8. We will incorporate bounds for d > 8 in the next section.

Example 6.1.4.1. For d =6, one has k < 8%36 < 3. This means that one must consider k = 3 and
k=1 Ford="17, k< é < 7 so one must consider k =7,5,3 and 1. Finally, for d > 8 the formula

breaks, £ must be a positive integer, and there is no condition for the bounds on k.
We now perform a similar analysis for the even number of pure spinors. We have

Proposition 6.1.4.2. Let n; be the box occupation number, and k the degree of an impure
spinor in d dimensions, such that k is even and d < 7. Then one has, for d < 8,

8
k< . 6.1.29
5 d ( )
Proof. Using duality, like was done in the odd case, and ( ) one obtains
2ng +2ng_1 + ...+ 2nk/2+1 + Nk = 2d. (6130)

The expression for the intersection number in terms of the independent occupation numbers is
now

e k=D (k-Dk-2) +((’€—2)(’€—3)+1)nk_2

2 2 2
k k 1 1 k(k -2 (6.1.31)
+.ot (k-a)(k-a- )+a(a— ) nk,a+...+gnk/2.
2 2 8
Substituting
M2 = 2d =1k — .. = 2nppa i (6.1.32)

and taking the factor of dk(k —2)/4 to the left-hand side gives

e_k:(k—2)d:((k—1)(k?—2) _k(k—2))nk_1+__, (6.1.33)

4 2 4
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and using the fact that the maximal possible value of the edge intersection dimension is d — 4,
hence we get the maximal possible value of the left-hand side to be

Mgy M2 R gy ), (6.1.34)

Thus, as the right-hand side of ( ) is positive,
k(d-8)+8>0. (6.1.35)
Rearranging for k£ gives the desired result. O

d < 8 was imposed for the same reason as the k& odd case. This condition will be relaxed in
the next section.

Example 6.1.4.2. For d = 4,5 this gives k < 2, which tells us that there the only impure spinors
are those consisting of two pure spinors in these numbers of dimensions. This is a known result,
which we have reproduced by our method.

Example 6.1.4.3. For d =6 we get k<4, and for d =7 we get k <8.

Bounds via Tetrahedral Intersection Numbers

As was explained, to understand d > 8 one appeals to tetrahedral intersection numbers. Let us
now analyse the consequences

Theorem 6.1.4.1. Let n; be the box occupation number, and k the degree of an impure spinor
in d dimensions, such that k£ > 3 is odd. Then one has

k*(28 - 3d) - 56k + 15d < 0. (6.1.36)
Proof. As was done before use duality and rewrite ( ) as
. k(k-1)(k-2)(k- 3)nk N (k-1 (k-2)(k-3)(k- 4)nk-1
24 24
. (k-2)(k-3)(k-4)(k- 5)nk-2 N (k-3)(k-4)(k-5)(k-6) s
24 24
(k-4)(k-5)(k-6)(k-T7)
+ ( o1 +1 Ni—g + ... (6137)
(k-a)(k-a-1)(k-a-2)(k-a-3) a(a-1)(a-2)(a-3)
+ + Ni—q
24 24
kE-1)(k-3)%*(k-5
+...+( )( 96) ( )n(k+1)/2.
We then again use ( ). All terms on the right-hand side will contain an occupation number,

except for n(41)/2. We then move this term over to the left-hand side, and leave all other
terms, containing the occupation numbers, on the right-hand side. This results in the following
left-hand side of the above equation:

(k=D (k-3)*(k-5) |
96

t (6.1.38)

This must be non-negative. Recall, the largest value of each tetrahedral intersection dimension
that does not lead to a reduction in the number of pure spinors is d — 7. As the number of
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tetrahedra is k(k — 1)(k — 2)(k — 3)/24, the following inequality must be satisfied

K= Dk =2)(kh=3) () o (k=DE=3(-5)

o0 o (6.1.39)
For k > 3 this is equivalent to
4k(k-2)(d-7) - (k-3)(k-5)d >0, (6.1.40)
or
k*(28 - 3d) - 56k + 15d < 0. (6.1.41)
O

We do not need to consider the dimensions up to and including d = 6, because we already
know that the maximal value of k in d =6 is k = 3.

Example 6.1.4.4. The new constraints first arise in d = 7, where we get that k£ < 5. This
is a constraint stronger than the one we had previously by considering only edge intersection
numbers.

Example 6.1.4.5. A completely new case is d = 8, where we had no constraint coming from
edge intersection numbers. In this case, we have an equivalent inequality 4k% —56k+120 <0 <=
(k-17)?-19 < 0. The largest such integer that satisfies this inequality is k& = 11, which gives us
a new bound on the number of pure spinors in the case of sixteen dimensions.

A repetition for k even, as was done with k£ odd, regarding tetrahedral intersection numbers,
can also be performed. However, this results in a weaker bound. We state and prove it for
completeness.

Theorem 6.1.4.2. Let n; be the box occupation number, and k the degree of an impure spinor
in d dimensions, such that k£ > 2 is even. Then one has

k?(28 - 3d) — k(112 - 6d) + 12d + 84 < 0. (6.1.42)
Proof. We first rewrite ( ) using duality
. k(k-1)(k-2)(k- 3)nk N (k-1)(k-2)(k-3)(k-4) -_
24 24
. (k-2)(k-3)(k-4)(k- 5)nk,2 N (k-3)(k-4)(k-5)(k-6) -
24 24
(k-4)(k-5)(k-6)(k-T7)
+ ( o +1)ng_g+... (6143)
(k-a)(k-a-1)(k-a-2)(k-a-3) a(a-1)(a-2)(a-3)
+ + Nk—q
24 24
- k(k—2)(k—4)(k—6)nk/2'
192
We then substitute the value of ny/, from ( ), and take the term containing the dimension

2d to the right-hand side. We use the fact that the maximal value of ¢ for each tetrahedron is
t =d— 7. This gives the following inequality that must be satisfied

B = D(k=2)(k=8) () o k(k=2) (k= 4) (k= 6)

d>0. (6.1.44)
24 96
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For k > 2 this is equivalent to
4(k-1)(k-3)(d-T7)-d(k-4)(k-6) > 0. (6.1.45)
expanding above and rearranging gives the desired result. O

For d = 7 this gives k < 6, and for d = 8 this gives k < 12. Of course, these are weaker
conditions to what we have already found.

6.1.5 Rotating a spinor

Before stating representatives of orbits, we shall show that for a generic linear combination of
pure spinors, there is a Cartan subalgebra in spin(2d,C) that allows us to rescale the spinor to
an overall factor. We introduced the spin Lie algebra in chapter 3, via creation and annihilation
operators. The Cartan subalgebra in spin(2d) 2 s0(2d) is the maximally commuting subalgebra
generated by d one-dimensional generators for d > 4. The Cartan algebra will be taken as
h = {)\i(aia;r - a;rai) | i € {1,...,d}}. Since the algebra is commuting, exponentials of the
generators also commute. The generic element has the form

d d
Xy = Y exp(\i(aial —ala;)) = [T cosh(N)I +sinh(\;)(aia] - ala;) (6.1.46)

i=1

Consider a generic spinor ¢ = Zl;:l Ca¥o, Where 1), is a pure spinor. The action of Xy on ¢ will
only rescale the factors in front of each pure spinor, that is,

k
Xpth = . pacatla. (6.1.47)
a=1

However, p, can only be of the form cosh();) +sinh()\;) = e**¢, with the sign dependent on the
spinor. We shall show, case-by-case, that one can pick a subset §’ c b, usually k — 1 generators
of the d generators such that

k ~
Xyth =AY g = 1) (6.1.48)
=1

The reason that want to be able to rescale the coefficients ¢, is to make computations of the
geometric maps, By (1)) easier, and thus the analyses of the simple parts of their stabilisers.

6.2 Classification and Geometry up to and including 14
dimensions

We now explicitly solve the combinatorial problem in each given dimension, listing the possible
graphs allowed by the combinatorial analysis, demonstrating a possible spinor representing each
graph, and finding the (simple parts of the) stabiliser. In this section, we reproduce the known
classification of orbits up to and including fourteen dimensions.

6.2.1 Eight dimensions

It is well-known that every Weyl spinor in dimensions two, four, and six is pure, with stabiliser
sl(d,C). The first non-trivial problem arises in dimension eight. From the general analysis
above, we expect to be able to construct an impure spinor of purity two in this case. We are
thus looking at k = 2. Proposition gives 2ns +n1 = 8. Note that as we only have two pure
spinors, so no = e, where e is the intersection number. But given that the largest value of e is
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d-4=4-4=0, we must have ny = 0. So, the only solution is given by two pure spinors whose
null subspaces are complementary

W Y1 = ajazazay,
2 g = a{agagal. (6.2.1)

U1 0

Define 9 = c19)1 + ca1)2, for 11 2 as above. Then one has
Proposition 6.2.1.1. Take 1) in ( ). Then the stabiliser of ¢ contains Spin(7,C).

Proof. First, we show there exists a Cartan subalgebra Xy c spin(8,C) such that ¢ ~ Y =
A(1 +1)3),for some A € C to be determined. Choose b’ = Al(ala{ - aJ{al). Acting Xy on ¢ and
imposing that it rescaled by an overall factor A, one has the following system of equations

A1 =In(A/e1), and =X =1In(A/ea). (6.2.2)

Solving the above gives A% = cica. More specifically, A1 = In(y/c2/\/c1) or A1 = In(y/c1//c2)
depending on the sign of the square root of A. Hence, for a choice of A1, we can determine the
factor A.

To understand the simple part of stabiliser of this spinor, the most convenient strategy is to
compute all non-vanishing spinor bilinears By (). In eight dimensions only B4(t1,2) # 0. Each
of these 4-forms is decomposable and is given by the product of the null directions spanning the
null subspace of 1)1 2

B4(w1) =M1 N Mo N3z A My, B4(1/12):m1 AMo AM3 AMy. (623)

Recall, ( ), m; are the coordinates representing the annihilation operator in the basis ex-
pansion, and similarly, m; are the coordinates representing the creation operator. Given two
pure spinors as above, we also have the following non-vanishing images of the geometrics maps:

Bo(11,v2), B2(11,v2), Ba(v1,12) as,

2
Bo(11,102) = A%, Bo(1,92) = N°w,  Ba(¢1,1b2) = A?w Aw, (6.2.4)

where
W=mp AMy+ M2 Ao +M3 AM3 + Mg ANMMy. (625)

This shows that
- 1
B4(’L/}) = A2 (m1 AMo AMg A My + 1M1 Ao A3 Ay + §w/\w) . (626)

It is not difficult to see that ¢ is a multiple of a unit spinor whose By is the Cayley form in 8
dimension. Therefore, the stabiliser of ¢ contains Spin(7,C). O

6.2.2 Ten dimensions

Again, we know that the only possible impure spinor is one with k = 2. We have 2ny +ny = 10
and ng = e. The only possible value for e is d =4 = 1 (the intersection number must take odd
values for odd d). Thus, the only possible solution is ny = 1 and ny = 8. A possible solution
representing this is two pure spinors whose null subspaces are

Y1 = ar1a2a3040s5,

1 1 P = aiagagalas- (6.2.7)

(G

We have chosen the null direction common to both pure spinors to be as. It is clear that the
spinor given by a linear combination of these two pure spinors is rooted in the unique impure
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spinor in 8 dimensions, as described in proposition . The additional dimension does not
play any role. The rotation of this spinor to one with an overall scale factor is identical to the
one described earlier.

Below, we will see that there is a similar impure spinor of purity two in any dimension. Its
stabiliser contains Spin(7), which leaves the Cayley form in 8 dimensions invariant.

6.2.3 Twelve Dimensions

We expect to consider the degree of impure spinors, in twelve dimensions, k < 3. However, we
also need to consider the case k = 4, as the elimination of this case, as not independent, is what
leads to the bound provided by the tetrahedral intersection number, ¢t < d — 7, in the first place.

Impurity of degree 2

The equation relating the occupation numbers is 2ns + ny = 12. We also have ns = e, and the
dimensions of intersecting edges are d -4 =6-4 =2, and d -6 = 6 -6 = 0. When the edge
intersection number is e = 2, we have ny = ng = 2,n1 = 8. A possible representative of such a pair
of pure spinors is

1 = ayazazasasag,

P = ajajaia,a5a6. (6.2.8)

P —— 2 (D)

Define 14 = 32 caa, for 91 2 as above. Then one has

a=1

Proposition 6.2.3.1. Take 14 in ( ). Then, the stabiliser of ¥4 contains Spin(7,C) x
SL(2,C).

Proof. First, there exists a Cartan subalgebra Xy c spin(12,C) such that ¢4 — Ya=A Zizl Yy,
for some A € C. Now, computing Bg (12) 4) shows it proportional to the product of the Cayley form,
®, invariant under the action of Spin(7), in the 8-dimensional space spanned by m; 24,5 and
1,234, and the wedge product of the null directions 7y ¢ invariant under the action SL(2,C).

Finally, at the level of the Lie algebra, the algebras commute. Thus, the stabiliser contains
Spin(7,C) x SL(2,C). O

When the dimension of the intersection is zero, we have n; = 12 and so the pure spinors are
complementary,
" Y1 = ajazazasasag,
2 g = aiagagalagaa (6.2.9)
Define ¢ = 22 catq, for 91 o as above. Then one has

a=1

P ——0

Proposition 6.2.3.2. Take ¢ in ( ). Then, its stabiliser contains s[(6,C).

Proof. First, there exists a Cartan subalgebra X c spin(12,C) such that ¢y5 — QZJB =A Zizl Ve,
for some A € C. Construct the geometric map Bs (@B) = A%2(mqy Ay +...+mg Amg). Now, any
g € SL(6,C) acts as g-m; for i € {1,...,6}, and simultaneously, g~ € SL(6,C) acts as g~* - m;
for ie{1,...,6}. Thus, Ba(¢p) remains invariant under the overall action of SL(6,C). O

One sees that the spinors representatives above are the only two possible solutions with purity
k=2.
Impurity of Degree 3

Now consider possible solutions arising with a triple of pure spinors. The occupation numbers
are related via ng + ng = 6. If we denote the edge intersection dimensions by eq, ez, e3, we have

3713 +MNng =€ +eg +e€3. (6210)
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Using the relation between ns,n3 one can write

1 3
= 2(12_:161—6). (6.2.11)

At the same time, the maximal possible edge intersection number in this number of dimensions
is e = 2. This means that there is a unique solution in the case of k = 3 — all edge intersection
dimensions having value ej 23 = 2. This gives nz = ng = 0, so that ny = ny = 6. A possible
representative is the following list of 3 pure spinors

V2

/\ Y1 = a1(121136l4a5a67

P = al a2a3a4a5a6,

P

/ \ g = a1a2a3a4a5a6
3

Define v = Zizl Cao Where 1), are given as the pure spinors above. One then has

(6.2.12)

Proposition 6.2.3.3. Take ¢ in ( ). Then, its stabiliser contains Sp(6,C).

Proof. First, there exists a Cartan subalgebra Xy c spin(12,C) such that ¢ — > 1h= A Zi 1 Ya,for

some A € C to be determlned We shall choose the subalgebra of the Cartan subalgebra b’ c b

generated by {Al(alai -a al) /\5(a5ag a5a5)} Solving X1 = 1), one derives the conditions

1 1 :
A2 = CaCs3, )\1 = *hl(cfz), and )\5 = 7111(0*3) . (6213)
2 c1 2 c1
Thus, By (1)) is given as
BQ(’[/N)) = —2A2(T7L5 AMmg+ M1 Ao +mp A mg). (6214)

By (1)) is a symplectic form constructed from a basis spanned by {my, m1, ma, ma, M5, Mg}, hence
the subgroup that leaves this differential form invariant is Sp(6,C). O

Impurity of Degree 4

The relation between the occupation numbers is 2n4 + 2ng3 + no = 12. Furthermore, the relation
between the occupation numbers and the edge intersection number of the resulting tetrahedron
is
6
6n4 + 303 + N9 = ZeI. (6.2.15)
I=1

We now express ns via ng,ng and substitute into the above equation to get
6
dng+ng =) e —12, (6.2.16)
i=1

The maximal possible value of the edge intersection number is e = 2, and so the maximal value
of the sum of the intersection numbers is 12. We thus see that there is a single solution of the
combinatorial problem in this case

ng=n9=0, ng=ny1 =0, and ny = 12. (6.2.17)
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A possible representative of this solution is the following list of four pure spinors

(CH

2 2 2
77/}1 = a%a%a?a?ag,af;,
Y1 2 3 o = alabalalasag,
9 9 g = alagagalagag,
Yy = aia;agawgag.
Wy

To understand the geometry of this orbit, we compute By (), where ) = Zi=1 Ca¥a-

(6.2.18)

Proposition 6.2.3.4. Take v in . Then its stabiliser contains SL(6,C).

Proof. Given that v is a linear combination of 4 pure spinors, and By vanishes for each pure
spinor (only Bg is different from zero), the non-zero contributions to Bs(t)) come from pairs
of different pure spinors. However, each such pair intersects precisely in two dimensions, and
Ba (¢, %), for two pure spinors that intersection in two dimensions, is a multiple of the wedge
product of the corresponding null directions. It is then clear that By (1) is given by the following
six terms

_ P Tt Tt
By(1) = cic3a1a2 + €1€4G304 + C1C2A5a06 + C2C40] QY + C2C3050) + C3C4ALAL. (6.2.19)

Let us consider the terms involving only the directions 1,2, i.e., ciczaias +C204a1i a;. We want to
show that there is a different canonically normalised null basis by, bs, bL b; in the space spanned
by al,ag,ai,a;, such that

cic3aqag + @cm{aé = )\(blb]; + bgb;), (6.2.20)
where )\ is some constant. We define
by = aaq + ﬁa;, bJ{ =yag + 5@1,62 = aag - 6&}, b; = 5a; -yar,

which satisfies
g(bi,b2) = g(bl, 65y =0,  g(b1,b1) = g(ba, b)) = ad + Br. (6.2.21)

It is then easy to check that the 2-form blbi + bgb;, where the wedge product of directions is
assumed, does not have any alaJ{, CLQG,; terms when ad = 5. Hence,

blb]; + bgb; = 2ayaias — 255&1(1; (6.2.22)
We then choose § = (2a)7%, 7 = (28)7! to have the canonical normalisations. Then ( ) holds
for )

& = —%, )\2 = —C1C2C3C4. (6223)

B2 C2Cyq
Thus, ( ) is indeed possible for an appropriate choice of a canonically normalised null basis

in the space spanned by al,ag,al,a; This means that there exists another canonical basis
bl,bi, .. .,b6,bg in C'? such that

By (1)) oc by ADY + ... +bg AL (6.2.24)
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Thus B(v) as in ( ) is invariant under the action of s[(6,C), see proposition . g

This shows that the purity four spinor in twelve dimensions is in the same Spin(12) orbit
as the purity two spinor ( ) with the stabiliser s[(6,C). Which implies that the tetrahedral
intersection number in 6 dimensions must be zero. This is important in the reduction of orbits
that we will find in higher dimensions. Keep this in mind as we look for something similar in
fourteen dimensions.

6.2.4 Fourteen Dimensions

We now consider the more difficult case of fourteen dimensions. As we know, just taking the edge
intersection number constraints, we have the upper bound k < 8. However, this is not optimal
because there is also the tetrahedral intersection number constraint. This arises because the
maximal tetrahedral intersection number for d = 7 is zero. Taking into account these constraints,
we have seen that k < 6 in this number of dimensions. As before, we consider different values of
k case by case.

Impurity of Degree 2

The occupation numbers are ny, n1,ng, which satisfy ny = ng. The only equation one can write
is 2ng + np = 14. We also have ns = e, the dimension of the intersecting null subspace. This
dimension can take values 7-4 =3 and 7-6 = 1. In the first case, we have ny = ng =3,n; = 8.
A possible representative of the solution is

Y1 = ajazazasasagar,
o = a05050,050607. (6.2.25)

U1 3

P2

Define ¢4 = 22 ca¥a, for 11 2 as above. Then one has

a=1
Proposition 6.2.4.1. Take 14 in ( ). Then, its stabiliser contains Spin(7,C) x SL(3,C).

Proof. First, there exists a Cartan subalgebra Xy c spin(14, C) such that ¢4 — Ya=A Zi:l Ve,
for some A € C. Notice that 14 is the same type of spinor as in 8 dimension, ( ), except
there are an extra 3 null directions. Hence, B7(¢4) is the wedge product of the Cayley form,
invariant under Spin(7), in the directions mi 234, and M1 234, and the wedge product of the

null directions ms ¢ 7, invariant under the action of SL(3,C). Thus, the stabiliser contains
Spin(7,C) x SL(3,C). O

When the dimension of the intersecting null subspace is e = 1 we have ny =ng =1 and n; = 12.
A possible pair of spinors realising this solution is

Y1 = ajazazasasagar,
g = a{a;agaiagagar (6.2.26)

(G

1

(C3

Define ¢ = Z§=1 Caq, for 11 2 as above. Then one has

Proposition 6.2.4.2. Take ¢p in ( ). Then, its stabiliser contains SL(6,C).

Proof. First, there exists a Cartan subalgebra Xy, c spin(14,C) such that ¢¥p — ¥ =A ZZ=1 Vq,
for some A € C. Notice that ¢p is the same type of spinor as the 12 dimensional spinor ( ),
except there is an extra null oscillator, a7, present, that plays no role. Therefore, the stabiliser
contains SL(6,C). O
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Impurity of Degree 3

There is a single independent equation ng3+ns = 7 in this case, which in particular implies ny < 7.
As before, we envisage drawing a triangle with the 3 spinors sitting at its vertices, and putting
the pairwise intersection numbers on the edges. It is clear that

3
3ng+na =y € =¢, (6.2.27)
i=1
which, rewritten in terms of n3, becomes
1 3
ng = 5(2 €Z‘—7). (6228)
i=1

Suppose that e = 9. Then the maximal possible value of each edge intersection dimension
is 3, and so the maximal value of ng is 1, implying no = 6. A possible triple of pure spinors
realising this solution is

V2

/\ )1 = ajazazasasaear,

3 3 P = a{a2a3a4a5a6a7,
/ \ 3 = alagagaiaga;&m
(3 3 3

It is clear that this is just the 12 dimensional solution ( ), with one extra oscillator added.
Hence, the stabiliser contains Sp(6,C).

(6.2.29)

The only other possible solution in the purity three case is e; = e3 = 3,e3 = 1, implying the
edge intersection number to be 7. This gives n3 = ng = 0, and thus ny = ny = 7. A possible
representative of this solution is

(G2

/\ Y1 = = 4020304050607,

o = al 612(13a4a5a(;a77
/ \ Pz =a a2a3a4aTaga§
3

Define v = 22:1 CaVa, Where 1, are the pure spinors above. One then has

(6.2.30)

Proposition 6.2.4.3. Take 1) in ( ). Then, its stabiliser contains SL(3,C) x SL(3,C).

Proof. First, there exists a Cartan subalgebra Xy c spin(14, C) such that ¢ — d=A Y2, by for

some A € C to be determined. We shall choose the subalgebra of the Cartan subalgebra b’ c b

generated by {Al(alal - aial), )\5(a5a£ - agag))}. Solving Xy = 1, one derives the conditions,

1
A2 =C1C3, )\1 = EIH(Cf1

), and \s = 71n(63). (6.2.31)
C2 2

C2
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Computing B () gives
- of - B - 1
Bs(¢) = -2A m5/\m6Am7+m1/\m2/\m3—§m4/\)\ ) (6.2.32)

Where A = my Amq + ...+ m7y Amy. Tt is clear that A is stabilised by SL(6,C). But notice
that ms A e A m7 and mq A mao A mg, individually, are top forms in 3 dimensions. Thus, they
are both stabilised by two separate SL(3,C)s inside SL(6,C). Hence, the stabiliser contains
SL(3,C) x SL(3,C). O

Impurity of Degree 4

The equation relating the occupation numbers in this case reads 2n4 +2n3+no = 14. The relation
to the edge intersection number is given by

6

614 + 3n3 +no = Z e; = e. (6.2.33)
i=1
Expressing ny = 14 — 2ng — 2ny4, we get
6
4ng +ng = Z e; — 14. (6.2.34)

i=1

When the edge intersection dimensions are maximal, all have value 3, we have two possible
solutions. In the first case ny = ng = 0,n3 = nq = 4, and so no = 6. A possible representative of
this solution is

(0P
3 3 3 \
Y1 = ayazazasasasar,
Y1 < 3 / Y3 ¥y = alabalalasasar,
3 3 g = a{aga;azlasaga;,
\/ Py = ala;a§a4a;a£a7.
W (6.2.35)
Define 4 = ¥..,_1 ca¥a, Where 1), are the pure spinors above. One then has
Proposition 6.2.4.4. Take 14 in ( ). Then, its stabiliser contains SL(4, C).

Proof. First, there exists a Cartan subalgebra Xy, c spin(14,C) such that 4 — ha=A Zi 1 Yo, for
some A € C to be determined. We shall choose the subalgebra of the Cartan subalgebra b ch
generated by {Al(alaJ{ - alal) )\2(@2@2 - azag) Ag(agag - a3a3)} Solving Xp1pa = ¥4, one
derives the conditions

1
A% =cieo, A = fln( ) Ay = fln( ), and A3 = fln(%). (6.2.36)
Cq C3 2 C1C2

Computing Bs(¢4) gives

By(ta) = =20 (5 Ag ATy = Ty ATy, AT + 1701 A T A iy (6.2.37)
— M1 AMg ATs — Mg AMg ATy + N3 A Mg ATTy). -
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Consider the following vectors,

’UT = (m3 AMs M3 AM7y —M3 AMy  —Mg ATy Mg AT s A m7) ,and (6 5 38)
T _ _ _ /N
w = (m1 ma Mg M1 My m(,.)

Then v € A2(C*) 2 C® and w € CS. One can act on both vectors by the same transformation in,
s1(4,C) 2 50(6,C) and thus v7w = B3(1)4) remains invariant under the action. So the stabiliser
contains SL(4,C). O

In the other case, ny = 1, ng = 0, implying ne = 12. It is clear that in this solution, all
four pure spinors share a common null direction. In other words, the tetrahedral intersection
number, ¢, has value 1. However, this is not allowed by our tetrahedral intersection constraint
t <d-"7. Alternatively, we are effectively dealing with a purity four spinor in 12 dimensions. As
we know, this purity four spinor is actually a purity two spinor. Therefore, the solution in this
case is in the same Spin(14) orbit as the purity two solution with an intersection number of one.
Consequently, we will not consider it any further.

Let us also find solutions with the edge intersection numbers less than maximal. When there
is a single edge intersection dimension with value one, we have Z?zl e; = 16. In this case, we
necessarily have ng = 0, implying that ns = 2,n5 = 10. A possible representative of this solution
is

(G

3 3 3
Y1 = a1a2a304050607,
wl 3 ¢3 1/)2 = a]ia;a;azlag,a@a;,
1 3 g = alagagalagaga;,
[ (N I N |
Y4 = 0y Gy0350,4050507.
g

Define ¢g = 22:1 Caa, where 9, are the pure spinors above. One then has

(6.2.39)

Proposition 6.2.4.5. Take ¢p in ( ). Then, its stabiliser contains SL(2,C) x Sp(4,C).

Proof. First, there exists a Cartan subalgebra Xy c spin(14,C) such that ¢y5 — 1[)3 =A 23:1 Ve,
for some A € C to be determined. We shall choose the subalgebra of the Cartan subalgebra
b’ c h generated by {)\g(aga; - agag)7 )\3(a3a§ - agag), )\4(a4ajL - a1a4)}. Solving X1 = ¥p, one
derives the conditions

1 1 1
A2=cieq, Ao = 71n(i4), A3 = 71n(%), and )\ = 71n(34). (6.2.40)
2 C3 2 C1Cq 2 C2

Now, consider the subalgebra x c spin(14,C) that stabilises 1[13. By computing, X7/~JB =0 one
finds the stabiliser to split as x = s[(2,C) @ sp(4,C) @ . b is a remaining part of the stabiliser
that isn’t sl(2,C) or sp(4,C). Even further, sl(2,C) and sp(4,C) are given as creation and
annihilation operators as:

5p(4, (C) :Span{alai - 0,5(13, a4aJ{ - Clgag7 0,50,1 + GQCLL alag + a4a;, alai - QQCL%, a4aj1 - a5ag,

T T T T
aiay, azaq, asa, asay}, and

s[(2,C) :Span{alai + 0,264 + a4a:£ + asag - 2a3a§ - 2a6ag, 2a6a; —aras + a];a; + ajlag,

- amé + 2a§;a; +ajas +aqas}.
(6.2.41)
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It can easily be shown that these two subalgebras commute. On top of that, computing Bg (1[)3)
gives

4

Bs(¢pp) = -2A%((n* An? +n* Aan®) An® = (A A2+ ARP)ARS + RO An3 AnT+ 2T A N). (6.2.42)

Where A = nyng + ... + n7n7. It is not difficult to check that the actions by the generators in
50(2,C), or sp(4,C) kill Bs(vp). Thus, the simple part of the stabilising subgroup is SL(2,C) x
Sp(4,C). O

Finally, when Z?zl e; = 14, then there are two edge intersection dimension with value one,
i.e. ng =ng =0,n9 = 14 with possible representative of this solution as

(G

3 3 1
Y1 = ayazazasasasar,
(& 3 ¥3 Yo = alaga;alag)aﬁan
1 3 P = alagagalaiagai,
P =aTaTaTa atalal.
4 20345 gty
(N

Define ¢¢ = Za 1 Ca¥a, Where 1), are the pure spinors above. One then has

(6.2.43)

Proposition 6.2.4.6. Take 1¢ in ( ). Then, its stabiliser contains G x G».

Proof. First, there exists a Cartan subalgebra X, c spin(14, C) such that ¢¢ — Yo = A Zi 1 Ya,for
some A € C to be determmed We shall choose the subalgebra of the Cartan subalgebra b’ c h
generated by {)\3(a3a3 —a3a3, )\4(a4a4 a4a4, )\5(a5a5 —a5a5)} Solving Xy po = e, one derives
the conditions

2 ] 2
AL GG leln(%), A5=11n(%) d)\g—;ln( A ) (6.2.44)

Cq 2 C1C4 C1C2 C1C3

Computing Bs(¢¢) gives

Bg(wc) 2A( m4/\)\+m1/\m2/\m3+m5/\m6/\m7

) (6.2.45)
- §T_n4/\)\—r_n1 /\mg/\mg—m5/\m6/\m7).
One now makes the following transformation,
m; = x; + T;, and m; = x; — T; for ¢ + 4. (6.2.46)
This results in the following:
Bs(tpc) = A2(Zy A Ty A g + Ty A (22 A g — g A2y)
+ToA (T3 AT — Mg AT2) + T3 A (L1 ATy — Ty AT3) (6.2.47)

+J;5/\x6/\x7+x5/\(i‘ﬁ/\£7+m4/\f5)

+x6/\(§37/\;i5+m4/\:i6)+x7/\(§35A;EG+m4/\;TC7)).

The first line exhibits a G5 structure, while the last line exhibits a G5 structure of a different
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type. This shows that the stabiliser contains given by Gy x G. O

We have exhausted all combinations for degree 4 spinors. We are left now only to discuss
k=5.

Impurity of Degree 5

The relation between the occupation numbers is ns + ng + n3 = 7. The relation with the edge

intersection number is
10

1077,5 + 6n4 + 3713 + Ny = Z €, (6248)

i=1
where of course ng = ng by duality. Eliminating ng =7 — ns — ng, we get

10
6ns5 +2ny = Z e; — 28. (6249)

=1

This immediately shows, for the right-hand-side above to be non-negative, the edge intersection
number must have value at least 28.

The largest possible value of the edge intersection number is 30. This means that necessarily
ns = 0. We then have a possible solution with all 10 edge intersection dimensions with value
3 and ny = 1. However, ny = 1 means that there are four pure spinors that all share a single
common null direction. As we know, this means that these four pure spinors effectively live in
12 dimensions, where they correspond to a reducible configuration of purity two. So, this is not
a new orbit.

The other possibility is when there are 9 edges with an edge intersection dimension value of
3 , and the last remaining one with edge intersection dimension with value 1. This gives the
solution ns =n4 = ng =nq = 0,n3 =ng = 7. A possible representative of this solution is

YA = arasa3a4a5a6a7,

VB = (1050504050607,
_ .t Tt ot
Yo = a,a2030,05050r,
_ foot ot
YD = a105030,05 060,

YE = aia;agazlagaéa;.

(6.2.50)
Define v = Z‘Z:l CaWq, Where 1, are the pure spinors above. One then has

Proposition 6.2.4.7. Take ¢ in ( ). Then its stabiliser contains Gs.

Proposition 6.2.4.8.

Proof. First, there exists a Cartan subalgebra Xy c spin(14,C) such that ¢ — d=A Zi:l Yq,for
some A € C to be determined. We shall choose the subalgebra of the Cartan subalgebra §’ c
generated by {1 (alaJ{ —aJ{al), AQ(GQCL; —a;ag), /\3(a3a§ —agag), )\4(a4aj1 —a1a4)}. Solving Xy =
1/3, one derives the conditions

1 1
A2:C]_027 )\1:2111(0204), AQ:EIH(%),

& “es (6.2.51)
1 1
As = 71n(%), and, Ay = 71n(‘2).
2 C4Cx 2 Cs
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Computing B () gives
- of 1 ~ ~ ~ ~ ~ ~ ~ ~ ~
Bg(lb):QA §m4/\)\—m5/\m6/\m7+m2/\m3/\m5—m1/\m3/\m6
—my AMmg Ams + Mg AMy Amy —ms Ay A Mo (6.2.52)

+m4/\(m7/\m3+n1 /\m5+m2/\m6)).

Where A =mj Amq +...+m7 Amy. Introduce the following coordinate change

Ty =My + Mysd, Tiwd = Ty = My — Mjyqy, Ty =My +Misg, Tivd = My =My — Mjyg

. _ _ _ (6.2.53)
for i€ {1,2,3}, and t = my + My, and ¢ = my — My4.
In this basis, the 3-form becomes
83(1/;) :AQ(t/\ (J_Ul N T +,f2/\$2+i‘3/\133)+$1 ANTo ANT3+T1 ATy AT3
—t A (Ts ATy +Tg ATg + Ty A7)+ Ts ATg AT7 + T ATg ATy (6.2.54)

01 =5) A o2 =0) A o =) @1 035) (52 20) A 5 4 07))

The 3-form above shows 1; is stabilised by a Lie subalgebra in gs x go = g x g5. Furthermore,
g2 =sl(3,C) ®51(3,C)* (g5 = 5l(3,C) @sl(3,C)"*), where sl(3,C)* (s[(3,C)"*) is the orthogonal
6-dimensional Lie algebra inside go (g5). The last line in Bs(t)) shows that s[(3,C) c go must be
identified with sl(3,C)’ c g). Therefore, the Lie subalgebra that stabilises Bs(¢) is isomorphic
to h =sl(3,C) @ sl(3,C)* @ s[(3,C)"*. However, b is not a Lie subalgebra unless one identifies
5[(3,C)* c g with s1(3,C)"* c g4. This results in b = sl(3,C)@sl(3,C)*, that is to say, a diagonal
copy of gz c ga x g5. O

The G5 stabiliser contains all other stabilisers unique to Spin(14), except the Ga x Go sta-
biliser. Indeed, remove the edge with weight 1 and the two vertices sharing this edge in ( ),
this recovers the SL(6) stabiliser. If, however, one removes one of the edges with weight 3 and
the two vertices sharing this edge in ( ), then one recovers the Sp(4) x SL(2) stabiliser.
There is no way to construct a degeneration to G x G5 via the method of removing an edge and
corresponding vertices.

Impurity of Degree 6

The relation between the occupation numbers gives ng = 14 — 2ng — 2n5 — 2n4. Relating this to
the edge intersection number gives

15
15n6 + 10n5 + Tna +3ng = »_ €;, (6.2.55)
i=1

where ny = ny by duality. Substituting the expression for n3 in terms of ny 56 we get

15
Ong + 4ng + ng = Z e; —42. (6.2.56)
i=1

The largest possible value of the edge intersection number is 45. This shows that ns = ng = 0.
When the sum of the edge intersection dimensions is 45 we get ny = no = 3 and ng = 8. However,
as we already know from the previous considerations, we cannot have n,4 different from zero, as
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then the tetrahedral intersection number is different from zero. So, the sum of edge intersection
number must be 42. However, this is not possible, because its possible values are 45,43,41,...
So, there is no solution with k£ = 6 that gives rise to an irreducible configuration of pure spinors
in this case.
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G-structures &
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Chapter 7

Introduction

The goal of this part of the thesis is to study classical G-structures to construct natural second-
order partial differential equations using canonical differential forms, inspired by Plebanksi. In
low enough dimensions, the only spinorial G-structures we can construct are classical ones,
since all Weyl spinors are pure. Indeed, we shall consider SU(2)- and SU(3)-structures in 4
and 6 dimensions, respectively. The integrability of these structures is equivalent to parallel
spinors on the manifold, which is equivalent to covariantly constant canonical differential forms
of the spinorial G-structures, which is equivalent to holonomy group contained in a specific
G c Spin(2n). The aforementioned is measured through a tool called intrinsic torsion.

7.0.1 G-structures, Holonomy & Intrinsic Torsion

We define spinorial G-structures, and how one can link them to the study of integrable G-
structures through the use of intrinsic torsion.

Definition 7.0.1.1. Let M be a spin manifold of dimension n. A spinorial G-structure, on a
manifold M, is the reduction from the principal Spin(n)-spin-frame bundle to a Spin(n) > G-
spin-frame subbundle P. Then, let p: G — GL(S) be the spin representation of G on a finite
dimensional space S. Since, G acts freely on P xS on the right, naturally by the principal bundle
action on the first coordinate and by p on the second coordinate,

(u0)-g= (wog,p(g™) ), for ue P, and € S. (7.0.1)

The quotient space, p(P) = (P x S)/G, is called the associated spinor bundle to the spinorial
G-structure.

Indeed, P/G = M, via the free principal bundle action right-action. Hence, the map = :
p(P)=(PxV)/G — P/G is just a projection from p(P) to M, with fibres the finite dimensional
representation S.

In this thesis, we take S = A ((Clgj), called the Dirac representation. Whenever possible, we
instead take the Weyl, Majorana or Majorana-Weyl representations inside the Dirac represen-
tation in the definition above.

Holonomy, Parallel Spinors, and Integrability

We begin by recalling Berger’s celebrated classification of Holonomy groups on an oriented
Riemannian manifold [Ber60].

Theorem 7.0.1.1. Let M, be an oriented simply-connected, irreducible (not locally a product
space), and non-symmetric (not locally a symmetric space) n-dimensional Riemannian manifold.

103
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Then G must equal

SO(n), U(g), SU(%), Sp(%)Sp(l)7 Sp(g)7 G2 (n=T7), or Spin(7) (n=8). (7.0.2)

This is a list of not just groups but representations too — the action of G on its tangent
spaces. The groups we are most in this thesis: SU(%), for n = 4, and n = 6. This is because
we shall construct canonical differential forms using the Weyl representations. In doing so, we
can discuss Einstein conditions on the curvature of a spin manifold, using these integrability
conditions of these differential forms.

Ricci Flat
Exceptional ——> Gz Spin(7) ;
! n="7 n=_38 :
u(s) : SU(3) Sp(4) L Sp(3)sp(1)
pb 1 E A
I ) '
Kahler o l R R : Quaternionic-Kahler
Calabi-Yau Hyper-Kéhler (7'0' 3)

Definition 7.0.1.2. S is called a tensor if it is a section of @ TM ® Q' T*M = T*'(M).
We can then relate holonomy group G to the canonical tensors invariant under the G-action.

Proposition 7.0.1.1. Let V be a connection on T'M of a manifold M. Then, V induces a
connection 7%%(M) and any subbundle, for example A*(T*M).

Definition 7.0.1.3. Let S be tensor. Then S is covariantly constant, or parallel, if VS = 0.
We can now link holonomy to parallel tensors.

Proposition 7.0.1.2. Let M be a manifold from ( ), V a Riemannian connection on T'M,
and H = Hol, (V) c GL(T,M) the holonomy group. Then, S is covariantly constant if, and only
if, S on each fibre of FE is fixed by the natural action of H.

[Wan95] and [MS00] gave a classification for the holonomy group to be contained in Spin(n)
rather than SO(n), using the condition of parallel spinors (theorem ). That is, given a
covariant derivative V induced from the Riemannian one, a spinor v is parallel if, and only if,
vy = 0.

Theorem 7.0.1.2. Let (M, g) be a simply connected spin manifold whose holonomy represen-
tation is irreducible. Then M carries a parallel spinor if, and only if,

Holonomy Group H c Spin(n) [[ Dimensions of spin manifold M

SU(m) m € 2N (Calabi-Yau)
Sp(k) k € AN (Hyper-Kéhler)
Gy n =7 (Exceptional)

Spin(7) n = 8 (Exceptional)

I1We shall make some comments concerning G in 7 dimensions, and Spin(7) in 8 dimensions throughout
chapters & and 9.
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This leads us to define,

Definition 7.0.1.4. Let M be a spin manifold. A spinorial G-structure is called classical if it a
SU(m)-structure on M with dimension m € 2N, a Sp(k)-structure on M with dimension k € 4N,
a Go-structure on M with dimension 7, or a Spin(7)-structure on M dimension with dimension
8.

Furthermore, recall if a classical spinorial G-structure is integrable then it is Ricci-flat. In-
deed, it is proven in [Hit74] that if M admits a parallel spinor, then M is Ricci-flat. Subsequently
[MS00],

Theorem 7.0.1.3. Let M be an oriented connected manifold of dimensions n, and suppose H
is a holonomy subgroup. Suppose there exists an embedding ¢ from H into Spin(n). If mo¢ =,
(where 7 is the projection from Spin(n) - SO(n), and ¢ is the inclusion of the holonomy group
into SO(n)), then M carries a spin structure whose holonomy group is isomorphic to H.

The above theorem shows there is a subclass of spinorial G-structures amenable to integra-
bility via parallel tensors from holonomy considerations. Indeed, in this thesis we show that for
a SU(2)-structure on a spin manifold of dimension 4, and a SU(3)-structure on a spin manifold
of dimension 6, using the geometric map one can compute a set of canonical differential forms
from a generic Weyl spinor. Then computing the covariant derivative of these differential forms,
we show that imposing they are parallel is equivalent to integrable SU (%)—structure (forn=4
and n = 6).

This leads us to intrinsic torsion, the tool that allows one to parameterise the covariant
derivative of canonical differential forms. Consequently, this give a concrete representation of
the covariantly constant differential forms.

To reiterate, for an oriented manifold, the allowed G-structures must come from Berger’s
classification by way of holonomy considerations. G-structures are integrable when they are
parallel with respect to an induced connection on T'M. Integrability of spinorial G-structures
can be studied through parallel tensors if one restricts to classical G-structures. In that case,
the set of canonical differential forms are constructed from the geometric map and the met-
ric from algebraic relations between the canonical differential forms. Classical G-structures are
then integrable whenever the set of canonical differential forms is parallel with respect to the
metric connection induced from T'M. From this discussion, it is reasonable to drop the adjec-
tive “classical” and refer to classical spinorial G-structures as G-structures when there is no
ambiguity.

Intrinsic Torsion

Intrinsic torsion is a tool one can use to understand integrability. By this we mean, the covariant
derivatives of the canonical differential is the intrinsic torsion space. Thus, the intrinsic torsion
vanishes if, and only if, the G-structure is integrable. Intrinsic torsion is intimately linked to
G-structures, and in fact it is connection independent, i.e. one does not need to fret over a choice
of connection used to covariantly differentiate the canonical differential forms.

Definition 7.0.1.5. Let M be a manifold and V a connection on T'M. The torsion is a linear
operator defined as

T(V):End(TM)®T*M - T*M & A*(TM), (X,Y)»VxY -VyX - [X,Y]. (7.0.4)

Torsion can be shown to be tensorial, and is then a section of the bundle TM ® A2T* M.
A section T(V) of TM ® A>T M is said to be torsion free if T(V) = 0. Suppose V is fixed,

2This definition only makes sense on TM as we have the action defined on vector fields in T'M, this isn’t the
case for a general vector bundle E over M. However, in our case as there is a one-to-one correspondence between
connections on T'M and P, so we don’t need to fret over these details.
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heuristically, one can ask how far away is V from being torsion-free. Consider, then, another
connection V' on T M, or equivalently on the P the principal fibre bundle over M. Now, define the
tensor o == V-V’. Furthermore, « is a section of ad(P)®T™* M from the view point of connections
on P. But ad(P) c TM ® T*M = End(g). Hence, « is a section of TM @ T*M @ T* M, and can

be written as oy, = Vj, - V;‘é. Then using the definition of torsion, one has

T(V)fe = T(V' )i = Vi = VG = Vi + Vi = —aff, + 0. (7.0.5)

Thus the torsion free-condition for a varying V' is that T(V){. = «of, — a%. However, what

we wanted is an obstruction, intrinsic torsion, to the torsion-free condition without needing
dependence on a connection, V. This is possible if one considers the following linear map o and
various linear spaces under the image o, see [Joy00].

Definition 7.0.1.6. Let G be a Lie group, g its Lie algebra, and define V := R™. Hence, G acts
faithfully on V', and define,

o gV s (VeV)elV* - Ve A*(VY), al » al, —a%. (7.0.6)
[ —
~End(V)
Finally, define the following vector spaces.
Wi =V e A (V*), Wy=Im(c), W=V @ A*(V*)/Im(c), and W, = Ker (o). (7.0.7)
Wa 3 4 fit into the short exact sequence

0— Wy — g V"L Wy — Wy — 0. (7.0.8)

Let p; : G — GL(W;) be the natural representations of G on W;. If M is a manifold and P a
principal G-frame bundle, then p;(P) are vector bundles over M. One can now make the key
observations

e T(V) is a section of pi(P).

e If vV and V' are two different connections on T M, then T'(V) -T(V’) is a section of ps(P),
a vector subbundle of pi(P).

e Most importantly, if V and V' are two different connections on T'M, then T'(V) and T(V')
project to the same section T° of the quotient bundle p3(P) = p1(P)/p2(P).

e The difference of any two torsion-free connections is a section of p4(P). If T° = 0, then the
space of torsion-free connections are in one-to-one correspondence with sections of p4(P).
Furthermore, if Ker(o) = {0}, there is only one unique torsion-free connection V.

The second to last bullet point states there is a quantity, 7°, that is independent of the connection
chosen and solely depends on the G-structure, i.e. intrinsic torsion”.

Consider a spin manifold M, and a classical spinorial H-structure. Define h to be the Lie
algebra of H, and h' to be its orthogonal complement in spin(n) = so(n). Then, because
A2(V*) zs0(n), and Wy :=Im(c) 2V ®b,

Wy 2 (Veso(n)/(Veh) =V e (7.0.9)

Thus, for any point p € P, T°(p) takes values in V ® h* = A} (V*) ® h*.

3 As we are discussing G-structures in this thesis we shall drop the adjective intrinsic when it is not ambiguous
to do so.
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From holonomy considerations, we know that the integrability is characterised by the co-
variant derivative of all H-invariant tensors. [Sal89], together with other propositions we have
considered above, states

Theorem 7.0.1.4. Let M be an spin manifold, equipped with a classical G-structure that
stabilises a spinor ¥. Then, pointwise on the G-spin-frame subbundle, the covariant derivatives
of set the canonical differential forms take values in A'(T*M) ® bh*.

Thus, intrinsic torsion and the covariant derivatives take values in the same space, A'(T*M)®
ht. So if all canonical differential forms are parallel, then intrinsic torsion vanishes too, and vice
versa.

7.0.2 Geometric Flow as a Gradient Flow

Let M be a 7-dimensional compact manifold. The question of when a Gs-structure can be
deformed to a torsion-free one (integrable and hence Ricci flat) is not easy to answer. [Lot20]
reviews the types of flows that have been constructed for the problem, but we will only briefly
outline one. Karigiannis [Kar05; Kar09; Kar08] initiated the idea of performing a gradient flow
of the action of GL(7,R) and GL(8,R) on the tangent space to Ga- and Spin(7)-structures in
the direction of intrinsic torsion. This philosophy was concretised in [DGK23] by writing all pos-
sible independent diffeomorphism-invariant and only second-order in derivatives Go- (Spin(7)-
[Dwi24]) invariant tensors, and performing a gradient flow on these instead.

Inspiration from Flowing G3-structures

Suppose ¢ is a Ga-structure that is not parallel. It decomposes the spaces of differential forms on
a compact 7-dimensional manifold M. Then one can take the GL(7,R) action on ¢ to determine
the infinitesimal action on the space of 3-forms [Kar08; Kar05; Bry05; Bry87]

D:CGL(7,R) - Q*(M), Aw % et . (7.0.10)
t=0

As GL(7,R) is the space of matrices, it can be split into symmetric and antisymmetric parts. h
is the symmetric part of A that determines the torsion, and X is the vector field corresponding to
the antisymmetric part of A that determines the torsion. These are profoundly simple techniques
to parameterise the torsion space. A more general flow equation for ¢ can then be written down
using h and X

0
§¢>ijk = 3h[il¢u|jk] + X Yuij. (7.0.11)

A similar set of equations can be written for the Hodge-dual 4-form 1, the metric, and the
volume form. We wish to mimic these ideas for SU(2)- and SU(3)-structures to generate all
pieces to parameterise the intrinsic torsion in terms of tensors within GL(n,R). Recall:

e The torsion of a Gy structure ¢ is characterised by d¢ and d(*¢) [FG82].

e The torsion of a Spin(7) structure ® is characterised by d® [Fer86].

The fact that integrability can be measured by exterior derivatives of the canonical differential
forms is what we wish to exploit in the thesis to write higher dimensional linear theories of
gravity. However, we shall still discuss the metric connection, V, as it allows us to explore higher
dimensional non-linear theories of gravity.
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7.0.3 Plebanksi-formalism

Normally, the most general theory is not simple to write down, as it is not always obvious
what the parametrisation of the auxiliary field(s) should be. Let us go back to the work of
Plebanksi on Einstein structures in 4 dimensions [Ple77] to elucidate this. The unique guage
and diffeomorphism invariant action that can be written is

s[24,0)= [ 57 (dA+ %A/\A) - %ET@— %ETZ (7.0.12)

Here A is and SU(2) gauge connection, ¥ is a symmetric 3 x 3 matrix, 3 = (2!, 52,%%) is a
vector of the triple of self-dual 2-forms invariant under the action SU(2), and A is the cosmological
constant. Varying with respect to the vector 3, gives

F(A) = dA + %A/\A: (xp+ %H)i (7.0.13)

F is the curvature of A. The quantity in the brackets above is the Ricci curvature tensor,
by algebraically moving Y to the left-hand side of the equation implies that R, = Agu, ie.
FEinstein conditions.

We now try to generalise the approach Plebanski took. We define the following schematic

Definition 7.0.3.1. Plebanski-formalism is the procedure of constructing the linear combination
of all independent diffeomorphism invariant action functionals built from canonical differential
forms, their exterior derivatives, and auxiliary fields one wishes to extremise.

Remark 7.0.3.1. We wish to impose more invariance on the action functional, however diffeo-
morphism invariance is a good starting place. As we see in the example below. It is unclear how
to impose additional invariance such that one constrains to Einstein conditions in Plebanski’s
original work.

We briefly discuss Plebanksi-formalism in 8 dimensions, via Spin(7) structures. This gives the
blueprint to the approach we take with SU(2)- and SU(3)-structures. Inspired by Karigiannis
et al. we hope the torsion can be written in terms of some symmetric and antisymmetric tensors
inside GL(8,R). Indeed, this was already done in [Kar08]. However, one can also see that
torsion is completely determined by 3-forms and so there is a compact parameterisation via
exterior derivatives of ®, the canonical tensor of the Spin(7)-structure

2
Vi®abed = 4Tz‘[ap(1)|p\bcd]7 where *d® = g.fg(T). (7.0.14)

Here J3 : Q3(M) - Q3(M) is an invertible operator defined in equation (2.13) of [Kra24a]. This
parameterisation of the torsion leads to application of the Plebanski-formalism as follows,

S[®,C] = /M DA(AC-6C rg C) + g(C)%@ + constraint terms on curvature. (7.0.15)

Here C' is an auxiliary 3-form, ve = ﬁq) A®, and (C Ap C)abed = CabpCedqg®?. By constraint
terms, we mean the terms we deem necessary to extremise to Ricci flat, or Einstein conditions,
these are fixed by hopefully choosing an appropriate value of k¥ and auxiliary function C'. Thus
the above is the a one-parameter family of diffeomorphism-invariant Lagrangians that are second
order in derivatives of ® but first order in C'. For s = 0, this corresponds to C being the torsion,
and the gradient flow of the functional is elliptic (modulo gauge), ensuring that short-time and
unique solutions exist. If kK = -2, this corresponds to the non-linear completion of the linearised
theory. Unlike the Plebanski’s formulation of gravity in 4 dimensions, there is no obvious way
to fix C' such that one extremises to Einstein conditions on the curvature, and this remains an
open problem.
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Finally, the tangent space to canonical differential forms and the metric can be modelled by
an infinitesimal action of 2-tensors in GL(n,R) @ TM ® T* M. This leads to following

Definition 7.0.3.2. Define linearised analysis as the procedure of constructing all independent
action functionals built from two derivatives of 2-tensors in GL(n,R) = TM ® T*M, and their
products, from the representation theory of the subgroup G, the invariant differential forms are
invariant under.

Furthermore, define the non-linear completion to be the subspace of action functionals built
from Plebanski-formalism that linearise to the action functionals built from a linearised analysis.

Hence, linearised analysis gives insight in to how one should write a theory of gravity in
higher dimensions.

7.0.4 Chapter Overview

Chapter 8 is dedicated to SU(2)-structures, which provide the most complete picture we have
in terms of formulating a philosophy aligned with Plebanski-formalism. The study of SU(2)-
structures in 4 dimensions is challenging yet simultaneously easier than in other dimensions with
other G-structures. The remarkable accidental isomorphism

su(2) @ su(2) 2 s0(4) = spin(4), (7.0.16)

dictates the role that intrinsic torsion plays, the orthogonal complement to su(2) is also a Lie
algebra. Generally, the intrinsic torsion space is merely a vector space. However, as su(2)* =
s5u(2), one must keep tract of this additional algebraic structure when discussing intrinsic torsion.

In the work by [F'S24], the second copy of su(2) that acts covariantly on the SU(2)-structures
is not tracked. However, this thesis, along with [BK24], aims to use it to characterise the tor-
sion. By the holonomy principal, the covariant derivative of the tensors characterising SU(2)-
structures provides access to the full torsion space. Thus, we consider tensor products of irre-
ducible SU(2) representations as pieces of the covariant derivatives of SU(2)-structures in these
representations.

For future purposes, we exploit that the torsion from G-structures of this type can be written
as exterior derivatives of SU(2)-structures, a weaker condition than the full covariant derivative.
Upon completing this exercise, we can proceed to characterise parts of the Riemann curvature
tensor that torsion gives access to (by taking another covariant derivative). We find that it
provides access to the Ricci tensor and scalar curvature, but not the anti-self-dual part of the
curvature.

Motivated by the ideas of [[Kar08] and [DGIK 23], we then consider a diffeomorphism-invariant
and second-order in derivatives theory of SU(2)-structures.

To this end, we perform a linearised analysis to construct a second-order in derivatives
diffeomorphism-invariant Lagrangian from perturbed SU(2)-structures and the perturbed metric
they algebraically construct. This calculation shows that the space of second-order derivatives
diffeomorphism-invariant Lagrangian splits into two pieces: a linearised theory of gravity in a
vacuum (developed solely from the metric perturbation) and a second piece that couples the
metric with an extra field allowed by the representation theory of SU(2).

If one imposes gauge invariance, the second Lagrangian cannot exist, as it is no longer gauge
invariant. This means that only the gravitational theory is allowed. Finally, we propose that
the action functional in ( ) is the best second-order theory, as its critical points are the
Einstein conditions, equivalent to the first-order theory constructed by Plebanski.

The techniques explored in SU(2)-structures are extended to SU(3)-structures in 6 dimen-
sions in chapter 9. The approach deviates in two places. Firstly, for SU(3)-structures, the
intrinsic torsion is characterised by a vector space, unlike in the 4-dimensional case. Indeed,

spin(6) = su(3) @ su(3)* = su(3) ® (R R%). (7.0.17)
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On one hand, torsion does not carry additional algebraic structure. On the other hand, this
makes torsion less easily characterisable. To simplify the identification, we transition to repre-
sentations over complex forms,

APU(M) = AP0 (M) ® A% (M), (7.0.18)

of holomorphic and anti-holomorphic types. We decompose the torsion space accordingly and
then characterise it in the complex setting. Upon completing this exercise, we interpret the
torsion in terms of exterior derivatives of the SU(3)-structures. Much work has already been
done on the real front, see [BV07] and [CS02]. Finally, we understand which parts of the Riemann
curvature tensor are accessible and express the full Ricci tensor and scalar curvature in terms of
torsion.

As in the previous chapter, we perform a linearised analysis of the space of second-order
diffeomorphism-invariant Lagrangians. Although we construct a real theory, the notation we use
invokes complex coordinates, as this is more compact. In previous linearised theories, such as
SU(2) or Spin(7), the most general second-order diffeomorphism-invariant Lagrangian is built
from two Lagrangians: one resembling general relativity and one where the extra field of the
theory couples to the metric. In 6 dimensions, although there is an exclusively linearised theory
of gravity in a vacuum, there are many extra fields that couple to the metric and themselves,
making the basis of independent Lagrangians seven-dimensional, from the neat one-dimensional
case of SU(2). Unlike the SU(2) theory, and much like the Spin(7) theory, there is no clear
understanding of gauge fixing that can be exploited. Furthermore, for similar reasons, the non-
linear completion is not understood and is therefore omitted in this thesis.



Chapter 8

SU(2)-structures in 4 dimensions

8.1 Geometry from Spinors

We begin by reminding the reader of the Clifford algebra Cliff;, and the geometric maps that
one can compute for a general Weyl spinor. The generators of the Clifford algebra are given as

Fl = —i(a2 - a;), FQ =as + (1;,

N

. T (8.1.1)
I's=-i(a1 —ay), Tu=a1+a;.

Taking the generic Weyl spinor ¢ = a + dz'2, the geometric maps By(1),1) and By (1, 1) are
computed as . o L
By(¥,9) =iX'V7, and Ba (v, ) = iS W7 (8.1.2)
Here 1
Y =dat Adat - iai’jkdxi Ada? (8.1.3)

are 2-forms in 4 dimensions, and V € R? and W e C? are given by
V = (Re(af?),Im(af),|a)* = |B7), W = (- B%,a* + B%,2a). (8.1.4)

It is clear the that the stabiliser of 4 is the su(2) c spin(4) that annihilates even spinors. Setting
a =1 and 8 =0 one generates

—iBy(¢,1p) = B3, and —iBy (¢, 1)) = B —ix2, (8.1.5)

Since every spinor in 4 dimensions is pure, it is possible to rotate to this canonical spinor. Then,
there is a set of intriguing conditions given as follows

, 1
YIAY = 269421234 equivalently QA Q =0,
2 . (8.1.6)
QAw=0, and Q/\Qzﬁw/\w.

Here w is Kéahler 2-form in 4 dimensions, and €2 is the top holomorphic form in 4 dimensions. The
description above is very specific, there are conditions on the 2-forms that need to be specified,
these are 5 conditions on the 2-forms, thus the space of admissible 2-forms has dimensions
18 - 5 = 13. This is of course the dimensions of GL(4,R)/SU(2) the space of SU(2)-structures.
The geometry of non-parallel SU(2)-structures in 4 dimensions is given by Q and w and on each
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fibre the metric can be recovered by the formula
9o, 2(X,Y) =w(JX,Y). (8.1.7)
Here J is extracted from the Re(€2) by the formula
J'j = 415 Re(Q) o, Re(Q) 115, (8.1.8)

€ is the antisymmetric tensor that is non-zero whenever the indices are not the same. Analogously,
the image of the geometric maps Bz(w,’l[)), and Ba(t,1) in 4 dimensions declare a subspace of
self-dual 2-forms ¥¢ that satisfy certain algebraic relations (the imaginary quaternion algebra)
with respect to a metric given by the formula

1 . . .
g=(X,Y)vol, = —éa”%le Ay ST AR, (8.1.9)

We briefly explain now SU(2)-structures as equivariant maps. Define E be the bundle over M
such that the pullback of each point on M is (R3,(,),A), that is, the vector space R with a
standard inner product and a cross product. Notice that (R3,(,),A) = su(2).

Next, consider the following bundle over M, such that the pullback of each point over the
manifold is (A%2(M),gs). Here gs is the metric defined in ( ). Notice that the self-dual
2-forms, via gs, AT ¢ A%(M) can be identified with su(2).

Then an SU(2)-structure the bundle map X : E — A2(M), for p € M, that is an isometry on
to its image. Similarly, for any p € M

A = s5u(2) cso(4) = A*(M). (8.1.10)

In turn one has
Y:E - A", (8.1.11)

is a bundle isomorphism preserving the Lie algebra structure of su(2).

Remark 8.1.0.1. There is an identification between E and A~ (the space of anti-self-dual
2-forms), this comes from a different metric gs as explained in [BI(24].

This leads to our discussion of SU(2)-structures being different from those that have been
explained even as recently as [FFS24]. This is because we keep both representations SU(2) x
SU(2) c Spin(4), where they do not. The upshot of keeping the algebraic structure of g* means
one need not break GL(4,R) to O(4,R), a unique case not studied among other G-structures.
The only drawback is decomposing tensors with respect to both SU(2)s.

We now have the necessary tools to begin analysing the intrinsic torsion, as we identify
su(2) @ F 2 gt cs0(4)'. It is clear that g* is a Lie algebra, which in this setting is unique.
G-structures in general do not follow this pattern and are only linear structures (see chapter 9).
This makes the analysis below much richer, as one has to take into account the extra structure
carried by F.

8.2 Decomposition of E-valued Differential Forms

Again, in our case, g* ¥ su(2) ¢ E, and so the intrinsic torsion, by the holonomy principal,
must be an object with values in A'(M) ® E. The differential forms that defines the SU(2)-
structure take values in A%(M) ® E, and so do their covariant derivatives Vx¥ in any direction
X e TM. For this reason, we need to understand the decomposition of the spaces A'(M) ® E,
and A?(M) ® E into irreducible representations of SU(2) x SU(2).

IWe abuse notation but by su(2) we mean the bundle over M such that the pullback at each point is the Lie
algebra su(2).
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Irreducible representations of SU(2) are the spin k/2 representations that we denote by Sk.
They are of dimension dim(S*) = k+1. As we have previously discussed, there are two different
SU(2)’s in the game. One SU(2) is the group with respect to which the 2-forms ¢ are invariant.
This motivates the following definition,

Definition 8.2.0.1. Let ¥° be the self-dual 2-forms defined by equivariant map defined in

( )-
The copy of SU(2) c Spin(4) that stabilises X¢ shall be denoted SU_(2). We define the

irreducible representations of SU_(2) as S*.
On the other hand, the copy of SU(2) c Spin(4) that acts covariantly on X¢ shall be denoted
as SU,(2). We define the irreducible representations of SU, (2) as S¥.

By these definitions, one has

A (M)=8,®S_, A*(M) = S?@®S?, such that E = S?

(8.2.1)

p7
leading to the following lemma.

Lemma 8.2.0.1. The decomposition of A'(M)® E, and A*(M) ® E into irreducible represen-
tations is given as

AM(M)®E=(S?®S5 )@ (S, ®5_), and

8.2.2
AM(M)®E=SteS?eC™(M)a(S?®S?). (8.2.2)
Proof. A standard exercise in looking up the decomposition of tensor products of irreducible
SU(2) representations, see for example tables in [FIKS520]. O

8.2.1 Algebra of Xs

To obtain explicit formulas for the irreducible parts of E-valued differential forms, we need some
identities satisfied by the 2-forms X?. Bryant introduced algebraic formulae for G-structures
in [Bry05] called e-identities. A similar procedure has been completed by [[Kar(08] for Spin(7)-
structures ([Kar09] and [DGK23] for Gy structures), where a larger program of algebraic iden-
tities are considered and recently for SU(3)-structures [BV07], as we will see in chapter
Although these formulae can be written index-free, we choose to consider their indicial variants,
which are most suited for our type of calculations, where ¥? are complex structures that satisfy
the quaternionic algebra.

First, one of the two indices of these differential forms can be raised with the metric they
define, to convert these into objects in End(7T'M). We then have a triple of such endomorphisms
of the tangent bundle, satisfying the algebra of the imaginary quaternions

S1O%LY = =698, + €T TRY. (8.2.3)
There are also useful relations
EZUE;U = Gup9vo — GuoGvp t €pvpo, (824)
and
ijkvj vk i i
R e = ~2E 1519010 + 2X (01901 (8.2.5)

Here, throughout this chapter (and next chapter 9), the square bracket on indices means one
antisymmetrises the indices. For example, let A be a (2,0) tensor, then

1
A[;u/] = i(A;w - Avp)- (826)
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Similarly, if one uses circular brackets on indices that means one symmetrises the indices. For
example, let A be as ( ), then

1
A(p,u) = i(A,w/ + Ayu)~ (827)

8.2.2 Decomposition of A'(M)® E

One can decompose A'(M) ® E using a self-adjoint operator on it and then considering its
spectrum. Therefore, one defines

Definition 8.2.2.1. Let ¥ be SU(2)-structures, and A}, ¢ A'(M) ® E. Define the pointwise
linear operator Js : A'(M) ® E - AY(M) ® E as, Jn(A)!, = eijkE{LaA’;.

It is not difficult to show that Jy is pointwise self-adjoint with respect to the metric on
AY(M)® E, j=g®gs. Here g is the standard inner product on A¥, and gy is the metric given
on FE, see equation ( ). Furthermore, a simple calculation using ( ) shows that

Jg =21+ Js. (8.2.8)

This means that the eigenvalues of Jy; are 2,—1. The eigenspaces of Js are precisely the irre-
ducible representations appearing in the first line in ( ). Tt is also easy to check that objects
of the form

%L, e AN (M)®E (8.2.9)

are eigenvectors of eigenvalue 2. The dimension of the subspace spanned by {£%%% ap | € €
AY(M)} is 4-dimensional. Acting Jx on £*%¢ ., scales tensor by a value of 2. Thus the following
characterisation can be made:

(A (M) @ E)y= (S, ®5-) 2 {5}, . £ e TM}. (8.2.10)

Using ( ), the remaining space 8-dimensional irreducible representation must be identified
as follow

(AM(M)® E)s= (S2®5.). (8.2.11)

Objects in this space are in the orthogonal complement of ( ) in A*(M) ® E, that scale by

a factor of —1 when acted upon by Jsx.

8.2.3 Decomposition of A2(M)® FE

We can also describe the irreducible subspaces of A?(M)® E as eigenspaces of a certain operator
in E-valued 2-forms, similar to how we used .Jyx;, to decompose A! ® E.

Definition 8.2.3.1. Let X’ be SU(2)-structures, and B}, € A>® E. Define the pointwise linear

operator Jo: A°® E - A2Q® F as, Jg(B)fw = eiij{MaBlﬁ‘y].

As previously seen, a similar pattern holds for J,. It is a self-adjoint operator on A2 ® F —
A? ® E with respect to the metric § = g ® gs. In addition, a computation gives

7 i 1 a [ eY
J3(B)., —§BW 6 PR bt JQ(B) 2[ zﬂ]ﬂB
1.
JS(B);W = e Blg+2/5(B),, + 3 azﬂ]ﬁB 5 and (8.2.12)

1 .3, 5
J3(B), = BZ 5 aﬂBZﬁ+ JQ(B) += Ef %! B,

;w ;u/ ]
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This implies
Jy=2J5 = J3+2Ja=0o0r Jy(Jo—2)(Jo—1)(J2 +1) =0, (8.2.13)

which shows that the eigenvalues of Jy are 2,1,-1,0.
Lemma 8.2.3.1. Consider the decomposition of A%(M) ® E given in lemma . Let

(A%2(M) ® E);, be an eigenspace of Jy, where k is the pointwise dimension of the eigenspace.
Then

(A2 (M)® E)s 28}, (AX(M)® E)3=52, (M (M)®E), =C>(M),

8.2.14
and (A2 (M) ® E)g = 5% ® S°. ( )

In the proof below we shall explicitly identify the eigenvalues associated to each eigenspace
of Jy listed above.

Proof. To characterise the eigenspaces we consider an arbitrary 3 x 3 matrix MY = M¥ +
MY MY = Ms(”),Méj = M(Em and compute

Jo(MYX],)) = Te(M)S), - M7'S),, = Te(M)Y,, - MPS), + M7, (8.2.15)
This means that the eigenspace of Jo of eigenvalue 2 is C* (M) spanned by multiples of Efw,

take M o< [343. The eigenspace of 'eig‘envalue 1 is S? spanned by M wa. The eigenspace of
eigenvalue —1 is S spanned by M ¥, with Tr(Mjs) =0.

We can also apply the operator Js to objects of the type h[H‘IET’aly]. We get
ayt 1 a1t
JQ(h[u ‘al’/]) = ihoé E,U«V' (8216)

If one takes h o< Iyx4, then the eigenspace of eigenvalue 2 is C*(M) spanned by multiples of
Y7,,- This means that the space S$2® S? spanned by h[“("Zfa‘u], with Tr(h) = 0, is the eigenspace
of Js of eigenvalue 0. Thus, the desired result is achieved. O

8.3 Intrinsic Torsion and Curvature

8.3.1 Intrinsic Torsion

From general principles, it follows that the torsion of a G-structure should be described by an
object valued in A'(M) ® g*, which in our case is A*(M) ® E. At the same time, the intrinsic
torsion quantifies non-integrability of the G-structure, and thus the failure of the canonical dif-
ferential forms defining this G-structure to be parallel with respect to the Levi-Civita connection.
Thus, we expect that VMEZB should be expressible via the intrinsic torsion Afl eAN'\(M)®E.
The following proposition is a statement to this effect

Theorem 8.3.1.1. There exists a set of objects A?, € A'(M) ® E such that
VuShg =—€FAISE . (8.3.1)

Proof. Comparing the right-hand side of the formula ( ) with the set of objects that appear in
lemma , we see that equation ( ) is equivalent to saying there are no contributions from
the St,C*°(M), and S? ® S? irreducible components in X“VMEfw eN2(M)® E, YX* eTM.
The S?,C* (M) components are extracted as

axilefly, 50, = v, (s1eA5) ) = 49,89 = 0. (8.3.2)
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Here we have used the fact that the operation of raising-lowering of the indices commutes with
V. Similarly, the S? ® S? component is extracted as

2%, V50, = V5, 5L, = 3V 0 = 0. (8.3.3)

This shows that no undesired components are present in Vv, 5 and that ( ) holds. O

8.3.2 Bianchi Identity

Establishing a version of the formula ( ) is one of the more laborious parts of the analysis of
a non-integrable G-structure. The rest of the analysis is much more algorithmic. Let us consider
the projection of the Riemannian curvature tensor by our G-structures X, this is given by the
Bianchi identity as

Corollary 8.3.2.0.1. Let RM,,,M be a Riemann curvature tensor on a compact 4-dimensional
spin manifold M, and let ¥* be SU(2)-structures. One then has

i ) axi 1 ik i vk
WE(R)uupa = R[M/[/) 2\040] = _56 ! Fiuzpa? (834)
where we have defined the curvature of the connection AI; as
F, =2V, Al + €78 AL AL (8.3.5)

M is spin because the construction of ¥ comes from a generic Weyl spinor in 4 dimensions.

Proof. One computes using ( ),

i ijk j k j k
2V [V = ~2¢ (VA Bog + A7, Vi X0)

= 269N (v, A S, + AL MTALS ) (8.3.6)
ijk i vk
=—€" Fﬁyng~
The result then follows from the identity
2R " Shate] = 2V (Vi1 Sho- (8.3.7)
O

We observe that, in the case of SU(2)-structures in four dimensions, the intrinsic torsion
assembles itself into an su(2)-valued one-form, or an SU(2) connection. This is exactly why one
can define a curvature 2-form ( ).

Since the left-hand side in ( ) is the projection of the Riemann tensor inside A%*(M) @
A%(M) onto E. Here, and throughout, ® is the symmetric product. There is no loss of informa-
tion if we multiply both sides of ( ) with €¥%9P7 to get

R, %k, =2F),. (8.3.8)

This is the most useful form of the “Bianchi identity” ( ), using the terminology of [DGI23].
In words, the self-dual part of the Riemann curvature R, ,, with respect to the pair of indices
{p, o} equals a multiple of the curvature tensor FZV, which is also the curvature of the intrinsic
torsion AL. The fact that the intrinsic torsion assembles itself into an SU(2) connection does not
have analogues in the case of other G-structures, see chapter 9, and [[Kra24a]. This is because

the intrinsic torsion is valued in g* ® A'(M), and only in this case is g* a lie algebra.
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8.3.3 Ricci tensor and Curvature

We can extract the Ricci tensor from ( ) via
EZQRaupo’Z;g = (gupgaﬂ - g/m'gap + Euapo')Raupo' = _2R,u,1/7 (839)

where we used ( ). On the other hand, applying this to the right-hand side of ( ) we get

Ry =-%,°F,,. (8.3.10)
Thus, in particular, ‘ ‘
R=S"F, (8.3.11)
If one contracts both sides by ¥ one can write F' as a function of ¥ and the Ricci scalar R,
Fi =i, - Hwi L poes 8.3.12
pv v g nv + [ lafv]” ( +de )

Here U¥ is the matrix of components of the chiral half of the Weyl curvature. Using R, =
R, + iRg#,,, where R,,, is the trace-free part of the Ricci curvature, we can also rewrite this as

, R _. . .
F, =078 + EZLV + R "Bl (8.3.13)
The first two terms here are self-dual as 2-forms, the last is anti-self-dual.
As is well-known, the Riemann curvature can be viewed as a symmetric endomorphism of
A2?(M). Then one can decompose curvature into its self-dual and anti-self-dual blocks. This can
be usefully captured by the following matrix representation

(8.3.14)

Curvature = W*+R R’
"\ R W +R )

Here W* are the two chiral halves of the Weyl curvature, and Rc? is the trace-free part of the
Ricci tensor. The trace-part is denoted by R and is the scalar curvature. We re-characterise the
above matrix to highlight properties of self-duality (SD) and anti-self-duality (ASD)

SD ASD
[
SD W*+R L RO | ~— F,
ASD R L Wo+R L
[ I (8.3.15)
The first and second rows correspond in ( ) to the {p,o} indices in the curvature tensor
R,p0. As these correspond to objects in A%(M), they split as self-dual and anti-self dual
parts. Similarly, the first and second columns in ( ) correspond to the {u, v} indices in the

curvature tensor R,,,-. This again splits in the same way as SD and ASD parts.
Thus, we see that the curvature F,iy of the intrinsic torsion encodes precisely the first row of
the matrix ( ). This means one only has access to the self-dual part of the Weyl curvature,
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W+, but one does have access to all the Ricci curvature.

8.3.4 Einstein Condition

It is now clear that the Einstein condition can be encoded as one on the curvature F) i,,. Indeed,
the Einstein equation states

RHV = Ag;uw (8316)
We then propose
Proposition 8.3.4.1. The Ricci curvature is Einstein, in the sense of ( ), — Fﬁy is
self-dual <= Rc?=0.
Proof. Using equation ( ), one satisfies the Einstein condition ( ) if, and only if,
i ii . R i) i

F, =9+ %6 DY (8.3.17)
This is because the Ricci tensor must vanish, see , else the ASD part remains. Here U¥ is
an arbitrary symmetric trace-free 3 x 3 matrix, which encodes the ‘I/VJr part of the curvature, and
R the Ricci scalar. Comparing ( ) to the general form of F),,, as in ( ), one sees the

Einstein condition is equivalent to the anti-self-dual part, Rc” vanishing. Finally, if one takes
R =12A, then one recovers ( ). O

8.4 Linearised Analysis

The purpose of this section is to consider perturbations of SU(2)-structures, and construct the
most general diffeomorphism invariant Lagrangian for such perturbations. This linearised story
provides a very good intuition for the non-linear story in the next section.

8.4.1 Perturbation of SU(2)-Structures

The tangent space to the GL(4,R) orbit of % contains irreducible representations (A>® E)3,149,
the subscript here is notation for the decomposition of the 12-dimensional space into an irre-
ducible 1-dimensional trace part, an irreducible 9-dimensional trace-free symmetric part, and an
irreducible 3-dimensional antisymmetric part. We can parametrise these spaces as

(A’ ® E)1.9 3 20, and (A ® E)3 326975 ¢*, (8.4.1)
with h,, being a symmetric tensor and ¢’ € E. The role of the numerical factors chosen is to
simplify some formulas that follow. This means that perturbations of ¥* ,, which we denote by

uvo

6%, =0, can be parametrised as

O = 2k, Sy + 267750, €8 (8.4.2)
The inverse is given by

nuyzzpo i

1iai 1
Tpors

i 1 ...
B _50—(” lelv) — E and fl = —76Uk2-7“”0—k

T k. (8.4.3)

hyuw

Transformation Properties under Diffeomorphisms

Let us consider a background triple of 2-forms %*. The diffeomorphisms act dx¥’ = Lx¥* =
ixdX" + dixX*. In the case of a constant triple of 2-forms we get, dxo’ = dixX*. In index
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notation ‘ '
5_)((7:“, = 28[#)(“ v (8.4.4)

lajv]-
This means that 1
Sxhuw =0, X,), and 0x& = Zzi“"aﬂxy. (8.4.5)

Transformation Properties under SU(2)

In addition to diffeomorphisms, we can also consider how quantities transform under the SU(2)
transformations that rotate 3*. The infinitesimal version of these transformations is

8p0%, = 267550 0", (8.4.6)
Under these transformations _ ‘
5¢hl“/ = 0, and 5¢£1 = (;52. (847)
8.4.2 Second-order Action Functional

We now determine the most general diffeomorphism invariant linear action functional that can
be written in terms of fields h,, and ¢, subject to the transformation properties ( ). We
first write the general linear combination of all possible terms. The types of terms are dictated
by simple representation theory. So that one is free to integrate by parts, later in this section,
it is assumed that the 4-dimensional spin manifold, M, in question is compact.

Theorem 8.4.2.1. The most general linear second-order in derivatives Lagrangian that one can
write is

v /\ 7 Q-1 [
L= g(aﬂhw)2 + %(@Lh)Q ~ BhO" 0"y = (0" Ry )? + 5(a,ig )2+ (0P hy,, ) (O%EZLY. (8.4.8)

Proof. First, we can write the most general linear combination of terms that can be constructed
solely from h,,. This is standard and independent of the dimension. We write this as

g(auhyp)2 + %(aﬂh)2 — BhO" 0" by — (0" hy)?. (8.4.9)

We then need to determine all possible terms involving two copies of &, as well as h{ terms.
The fields h and ¢ are characterised as hy, € (S? ® S?) @ C®(M), and &' € S2. We have the
following tensor products,

(STeSH)®S?=(S{®S?) @ (Si®S?) ®S?% and S? 052 = S{ @ C™(M). (8.4.10)

We need to combine these irreducible pieces with those arising from the symmetrised product
of two partial derivatives, which is in $? ® S? ® C*°(M). This makes it clear that the only term
that can be constructed from two copies of £ is (8#§i)2. There is also just a single term that
can be constructed from h,, and €%, which is

(MR, ) (0%ENTLY. (8.4.11)
The result then follows from summing all independent pieces. O

We now calculate the effect of a diffeomorphism on £, and find the following,

Corollary 8.4.2.1.1. Let £ be the most general linear second order theory as written in theorem
. The most general diffeomorphism invariant Lagrangian is

L=pLgr+pLl', for p,ueR. (8.4.12)
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Such that

Lon=5(0uhun)” - 2(0u0)? ~ hO" D by~ (9B ),
21 12 ) | o (8.4.13)
L= = (0uh)? = Shd" " by = (9" ) = (046 + (0" By ) (0°€') 2"

Proof. We integrate by parts where necessary (using the assumption that M is compact), and
use the symbol » to denote equality up to modulo integration by parts. Then computing the
diffeomorphism of £ one has

0L (p=7+ E)0% (0 1) X = (a+ B0 N(DX)
A\ . (8.4.14)
F (=574 ) OX) @0 ) - (5 + )09, X,

Equating the coefficients in front of the independent terms to zero, and parametrising the solution
by p, u we have

B:—a:p+%, fy:p+%, and \ = -2u. (8.4.15)

O

What we see is that the space of diffeomorphism invariant theories is two-dimensional. There
is a classical part, the linearised theory of the background metric seen from general relativity.
Furthermore, there is a non-classical part due to the extra field £ inherent from discussing SU(2)-
structures. It can couple to both the metric and itself, resulting in a modified theory of general
relativity.

We note that this is a very similar story to what happens in the case of Spin(7)-structures
in eight dimensions, see [Kra24a]. In that context, as here, the most general diffeomorphism
invariant Lagrangian is also given by a linear combination of two terms.

We further comment that in SU(3), see chapter 9, the most general theory is no longer a
sum of two diffeomorphism invariant Lagrangians. In SU(2) and Spin(7), only a vector field can
couple to the classical theory, but in 6 dimensions there are many more fields that can couple.

The Lagrangian ( ) is diffeomorphism invariant (modulo integration by parts). It is also
invariant under global (i.e. rigid) SO(3) rotations acting on E. However, it is clear that it is also
possible to demand local SO(3) invariance. From ( ) we see that these transformations act

only on £°. Tt is clear that the Lagrangian £’ is not invariant under such local transformations.
Therefore, only Lgr is both diffeomorphism and SU(2) gauge invariant. It is therefore to be
expected that there exists a unique non-linear Lagrangian for Efw, which is second order in
derivatives, with both diffeomorphism and SU(2) gauge invariance. We can also expect this
non-linear action to have critical points that are Einstein metrics. This is exactly what happens,
as we shall now verify.

8.5 Action Functionals

In preparation to the construction of the action, we will first show that the intrinsic torsion is
completely determined by the exterior derivative dX*.

8.5.1 Torsion as Exterior Derivatives

In (8.3.1) we have related the torsion A, to the covariant derivative V3 ; of the 2-forms 3.
We now explain that the knowledge of the exterior derivative is sufficient,
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Theorem 8.5.1.1. The intrinsic torsion is determined by the exterior derivatives of the 2-forms
3. Specifically, we have

1 ,
A= Z(Jg—]l)(*di]’), (8.5.1)
where Jy, is the operator from definition ( ) and *d¥' is the Hodge dual of the 3-form d%.

Proof. We project the equation ( ) to the space of 3-forms, anti-symmetrising over all 3
indices. We have
i ijk A3 sk
B[VEQB] = —€ J A.EI/EO‘B] (852)

We can write this in index-free differential form notations as
Ay + ¢k 49k - 0, (8.5.3)

To solve this, we multiply with the € tensor and use the self-duality of Zf“,

P, 50 5 = 27K AT S = 2( T (A))™, (8.5.4)
where Jx, is the operator on A'(M) ® E that was introduced in ( ). We can write this in
an index-free way as '

*d¥' = 2J5(A4). (8.5.5)
The Jx operator is invertible, with the inverse given by
1
Jy = i(Jg -I). (8.5.6)
This establishes ( ). O

We have an immediate, well-known corollary.

Corollary 8.5.1.1.1. An SU(2)-structure is integrable if, and only if, d¥¢ = 0.

Finally, let us use ( ) to construct an indicial expression as follows
Corollary 8.5.1.1.2. Let A¢ A'(M)® E be the intrinsic torsion from a set of SU(2)-structures
' then
; 1 ; 1 .. 1 0
Al = _zeufﬁlﬂvaazg7 - Ze”’fzw’auz’;ﬂ - §e”kzmﬁaﬁzﬁa. (8.5.7)
Proof. We have _ _
(+d%)!, = €,*710,55,, (8.5.8)
and 1 ) 1
Al = Z(JZ ~I)(+dX)), = —Zeuaﬁvaaz;h + Zew’fzgﬁeawaﬂzjé. (8.5.9)
We can simplify the last term using
evrossi = glesiinvl, (8.5.10)
O

We shall find this expression is useful for the action functionals described below.

8.5.2 Bianchi Identity

One can now derive a useful Bianchi identity in terms of the curvature F' and torsion A
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Corollary 8.5.2.0.1. Let the intrinsic torsion be parameterised by A € A'(M) ® E. One can
write o
eIk pivk =, (8.5.11)
where,
. A R
AN(M)® E> F'=dA" + §e”kAjAk. (8.5.12)
Proof. A useful consequence of ( ), obtained by taking its exterior derivative is
eIk qAInk — ik AT gk < o, (8.5.13)

We now substitute d-* from ( ) as dXF = —eFlm AlY™ wwe then use A7 Al = (1/2)ellse5P9 AP A
to rewrite ]
€Ik A klm glyym _ ik (gejlmAlAm) »k, (8.5.14)

The result follows from rearranging the above expression, using identities for contractions of the
e tensor and that the curvature of A can be written F' = dA* + £¢7% A7 AF. O

We note that ( ) can be interpreted as the statement that there is no S? component in
the decomposition of the F' € E ® A? into its irreducible components.

8.5.3 Transformation Properties under Diffeomorphisms

Under infinitesimal diffeomorphisms along a vector field X, 6x %% = dix X% + ixdX?. We now
assume that the intrinsic torsion solves ( ) and determine how it transforms under diffeo-
morphisms. We have the following theorem,

Theorem 8.5.3.1. Let A € A'(M) ® E be the intrinsic torsion of the SU(2)-structure {X¢}.
Then for a vector field X € TM, A transforms covariantly under diffeomorphisms i.e.

Sx Al =dix A +ixdA. (8.5.15)
Proof. Taking the variation of ( ) we have
d(ixdX?) + €785 ATRF 1+ €% AT (dix X7 +ixdE?) = 0. (8.5.16)

We can also insert the vector field X into ( ) to get
ixdXl + 7R (ix ATYER — ik AT 3k < 0, (8.5.17)
Substituting ixd%? from here into ( ) we have

d(eijkAjiXEk —Eijk(ixAj)Ek) +€ijk6XAjEk i eijkAjd,L'XZk

+ TR AT (M AL — T (i AR = 0. (3518

The terms in the first line become
TRAAT x B8 — €9 A(ix AYSF + €97 (i x AT)eFMALE™ 4 €9F 5 ATSF (8.5.19)
where we have used ( ) again. The first term in the second line can also be simplified. We

again use A7 Al = (1/2)e/!*e5PIAP AT to get

o 1.
eIk A3 klm Al sm = e”k(iejlmAlAm)iXEk. (8.5.20)
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This means that ( ) can be rewritten as

TR EI 3P 4 €0 (55 AT — d(ix A7))XF

’ , . : , 8.5.21
+eTF(ix AT)eMmATS™ — M AL (i AT)E™ = 0, (5521

where we changed the names of the dummy indices suggestively. The last two terms can be
simplified using the identity

ek eklm itk kmj y cimk kil _ (8.5.22)

This gives, o N , _ '
TR FIj 2P 4 €Tk (55 AT — d(ix A7) - €PIAP (ix A7))SF = 0. (8.5.23)
We can finally insert X into ( ) to rewrite the first term here as —€%ix FI¥*. Overall,

this produces terms that are all of the type of operator Jx acting on an E-valued 1-form. The
operator Jy is invertible, which allows us to write

OxA'=d(ix A") + €7F AT (ix AF) + ix F". (8.5.24)

The first two terms here assemble into the covariant derivative of i XAi,_computed using the
connection A*. The last term is the insertion of X into the curvature F*. Using the formula
( ) for F*, and noting a cancellation, one achieves the desired result. O

Tt should be noted that ( ) is a very useful formula that we will need below.

8.5.4 Transformation Properties under SU(2) Gauge Transformations

Let us also determine how the torsion transforms under the local SU(2) gauge transformations.

Theorem 8.5.4.1. Let A e A'(M)®E be the intrinsic torsion of the SU(2)-structures ¥¢. Then
under infinitesimal gauge transformations, 643" = € kpksF A transforms in the usual way with
the parameter —¢* as

5,A = —dgp’ — €7k AT gk (8.5.25)
Proof. Taking the variation of ( ) we have
A(eTFPITF) + kG, AT 1 IR AT Mgl < 0. (8.5.26)

The first term gives a contribution containing d¢’, as well as one with d¥?. The latter can be
transformed using ( ). This gives

TR (5,47 +dg? )8k + Tk AT RImplyym ik i kim glyym (8.5.27)

The last two terms can again be transformed using ( ). This puts all terms in the same
form of Jy acting on an E-valued 1-form. Because Jy is invertible, we get the desired result
under the usual gauge transformation with parameter —¢*. O

One then has the following corollary regarding gauge transformations of the curvature F'.

Corollary 8.5.4.1.1. Let F € A?(M)® E be the curvature of the torsion, A € A'(M)® E. Then
F" transforms covariantly, i.e. S
S F" = €kl FF, (8.5.28)

8.5.5 Diffeomorphism Invariant Action

We have confirmed that the torsion transforms covariantly under diffeomorphisms. This means
that any action that is schematically of the type [ A? is diffeomorphism invariant. Now, the
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representation theoretic decomposition ( ), ( ) of Ae A'® E shows that there are two
irreducible components of the intrinsic torsion. This means that there are only two quadratic
invariants that can be constructed from A. One can always take as a basis of such invariants
the quantities (A!,)* and A?, Js;(A)". This leads to the following theorem,

Theorem 8.5.5.1. The most general diffeomorphism invariant action that can be constructed
is

S[A()] = a/(AL)Q + b/ Al T (A)i#, (8.5.29)
where a,b € R.

It can be confirmed that the linearisation of this general diffeomorphism invariant action
( ) coincides with the linearised action ( ).

8.5.6 Diffeomorphism and SU(2) Invariant Action

Let us now impose the requirement that the action is both diffeomorphism and SU(2) gauge
invariant. At the linearised level, we have seen that this has the effect that only one of the two
diffeomorphism invariant terms survives, and one gets linearised Einstein-Hilbert action. It is
clear that from the two terms A% and A.Jx(A) the first one is not gauge invariant. Using physics
terminology, this term is a mass term for the connection, which cannot be gauge invariant. Let
us discuss the other term.

Corollary 8.5.6.0.1. The action,
S[E]= [ AE)Is(AE)™, (8.5.30)
is diffeomorphism and SU(2) invariant.

Proof. To see this, it is best to rewrite it using some integration by parts identities. Consider
[ £'dA". Integrating by parts, assuming M is compact, we have

/EidAiw—deiAi:—[eijkAiAjEk. (8.5.31)

In the last equality we have used ( ). The quantity on the right-hand side is a multiple of
AJs(A). This means that

fEiFiz/Ei(dAi+%eijkAjAk)z—%fzieijkAjAk. (8.5.32)

The integrand on the left is built from objects that transform covariantly under local SU(2)
gauge transformations and is invariant under them. The integral is then both diffeomorphism
and gauge invariant. This means that this is also the case for the object on the left-hand side.
This establishes that there is a unique action for SU(2)-structures in dimension four that is both
diffeomorphism and SU(2) gauge invariant. O

Our action has the schematic of torsion squared, and expanding the definition of Js(A) gives
1 S
S[=]=-3 fM Sielik A1 (2) A (). (8.5.33)
As we shall see below ( ) is the best action one to write. Best, in the sense that, it is the

unique diffeomorphism and gauge invariant action, and, as we shall see below, its critical points
give Einstein conditions on the curvature. One can substitute the expression for A(X) given by
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( ) to obtain a second order in derivatives action for 3. If one supplements ( ) with a
constraint term ) A
= (foJ + —5”) »ixd, (8.5.34)
2 3
then this action is exactly the same as Plebanski’s action [Ple77], see below. Hence,( ) is a
reformulation of his original theory, again see below, theorem ( ).

Plebanski Action and Einstein Condition

We can now discuss the Plebanski action, which is a first-order in derivatives version of ( )-
The idea is to write an action that is a functional of both ¥ and an independent E-valued one-
form field A%, such that the Euler-Lagrange equations for A coincide with ( ). A suitable
candidate is [ Y¢F?. One can then to supplement by a constraint terms that guarantee that %°
satisfy the quaterion algebra. One is also free to add to this action the volume form with an
arbitrary coefficient. Plebanski [Ple77] was the first to consider such an action given as,

S[2, A 0] = [ i(aars Leisk pi gy - 1 (w . éaiﬂ') ISy, (8.5.35)
M 2 2 3
Here, ¥¥ is an arbitrary traceless symmetric 3 x 3 matrix, whose components serve as Lagrange
multipliers to impose the constraints %?¥7 ~ §%. Indeed, the variation with respect to the field
U gives 137 ~ §% which are the algebraic conditions that need to be satisfied by an SU(2)-
structure defining 2-forms ¥¢. It is also not difficult to see that its Euler-Lagrange equation
arising by varying with respect to A® is precisely ( ), and the Euler-Lagrange equation
arising by varying with respect to X¢ is precisely ( ).
This establishes the following

Theorem 8.5.6.1. The critical points of ( ), or equivalently of ( ), are SU(2)-structures
whose associated metric is Einstein.



126



Chapter 9

SU(3)-structures in 6 dimensions

In 6 dimensions, every spinor is pure. This corresponds to the same orbit SU(3) (see Section
). We shall not reconstruct the geometric map from scratch, as was done in Chapter 8. This is
because, in 4 dimensions, we wanted to highlight the Hyper-Kéhler nature of SU(2)-structures.
In 6 dimensions, there are two differential forms that characterise the SU(3)-structure: w,
the symplectic form, and €2, the complex volume form in A*?(M). [Koell] gives a formula to
generate the complex structure regardless of the dimension d as

J'j = el Re(Q) 5, Re() 1,141 - (9.0.1)

<laye)-1

¢ is an appropriate normalisation, and ¢ is the antisymmetric symbol that is +1. As € is con-
structed from a general Weyl spinor, its open orbits are the full space of 3-forms. In 6 dimensions,
as seen through [Hit00a], this is given as GL(6,R)/SU(3). In d > 6, this construction is still
possible as seen by ( ), however, the orbit of p = Re(2) cannot be be open, similar to Spin(7)-
structures in 8 dimensions [I[Xar0g8]. Concretely, in 6 dimensions define a basis {dw?,...,dw®}
on T*M. This allows our almost symplectic structure and complex volume form to be specified
as follows

wo = dw! A dw? + dw?® A dw? + dw® A dw®, and

Qo = (dw' —idw?) A (dw? - idw*) A (dw® - idw®). (9.0-2)
Using ( ) the almost complex structure Jy is found to be,
Jo(dw') = dw?, Jo(dw?) = dw?, and Jo(dw®) = dw®. (9.0.3)
Leading to the identification,
Qo = Re(Qp) +iIm(20) = Re(Qp) +iJoRe(Qp). (9.0.4)
Finally, on each fibre we define the metric to be
9o(X,Y) =wo(X,JY). (9.0.5)

Like in the previous chapter, we also assume that our spin manifold is compact so that we may
exploit integration by parts.

9.0.1 ¢ identities

We shall now define Re(Q0) = Cy and JoRe(Q) = Cy. The following identities are found
in [BV07] and are used tacitly. We give them here for completeness and because we change
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notation. Define the following
CQ = Cijkd’wijk, éo = éijkd’wijk, and wo = wijdwij. (906)

i1%2...

Here w = w' Aw ... This gives the following identities

Cipqwpg = 0, CipgCipg = —4wij, wipwp; = =0;j, Cijpwpr = Cijr,

CijpChip = Wik 0j1 + wW;jrdy + widjr — wjidig, (9.0.7)

iipWpr = —Cijr, and CijpCrip = CijpCrip = —Wikwji + Wirwit — 010k + 0510k

9.1 Decomposition of Exterior Algebra

Let M with the data (w,) be a 6-dimensional manifold. Then 2 allows the construction of an
almost complex structure J. Hence, the 6-dimensional tangent bundle TM can be split into +i
eigenspaces of J, labelled T1° M and T M, respectively'. Explicitly if { a?ui 1€{1,2,3,4,5, 6}}
is a real basis for a local section in T'M then locally J is an endomorphism such that

0 0 o b
J(@):W’ an dJ(a Hs)‘ P’ ori=123 (9.1.1)

It is not hard to see that it squares to minus the identity map. Define in this neighbourhood
zH = z# + iy, and Z" the complex conjugate. Then define

N YR DR R o12)
9z~ 2\ Qwr  Quwh3 ozr 2\ gwr  Quwk3)’ o
so that 5 5 5
J|l—)=i— dJ|—|=-i— 9.1.3
(5‘21‘) e M (az ) ‘azu (6-1.3)
The data {w,Q} gives rise to a hermitian metric by ( ). So we are able to write, in complex
coordinates,

g=Jo"w,5(dz" ® dz? +dz° © d2*) = 9opdz® ® dz”, (9.1.4)

The symmetry g,3 = gga, and the relation g = iw is apparent. In other words, lowering an index
by g is equivalent to interchanging between barred to unbarred coordinates, similarly the inverse
form, ¢! i.e. g7, raises the index, performing the same interpolation. We give the following
definition.

Definition 9.1.0.1. Consider A € 7%2 ~ T*M ® T*M. This space is reducible under J. We
then define the symmetric, antisymmetric, hermitian and skew-hermitian pieces of A as

A=M,,dz" ndz” + Mppdz" AdZY + N, d2'd2” + NppdzHdz” (9.1.5)
+Cpdz! AdZY + 5,pd2dzZ". o
Here, M € A*°, M e A%? N e S*0 N e S%2 Ce[[Ab1]], and S € [[SV1]]. AP7 are complexified
antisymmetric (p, q)-tensors, while SP9 are complexified symmetric (p, ¢)-tensors, and [[W]]
denotes the real part of a complexified vector space W.

The last line in ( ) is the most interesting to analyse. In the space of hermitian forms,
there is the line element given by the “trace”, i.e., the hermitian metric g. This separates reduced
hermitian forms into “trace-free” hermitian forms plus the metric, i.e.,

S = (8 + guw) d2"dz” € 53" @ Rg. (9.1.6)

1Similar notation throughout this chapter is used and commonly associated with complex geometry, see [Sal89].
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Similarly, noting that w = —ig is skew-hermitian, a similar decomposition can be made. This
skew-hermitian tensor is the (1,1)-form compatible with the complex structure, J. Hence,

C = (cup +igu) Az AdZ” e A} @ Rw. (9.1.7)

This further decomposition comes from the reduction of 1(3) to su(3) structures. These specify a
complex 3-form € and its complex conjugate Q. Thus, there is a refinement to the decomposition
of 792

TO2=A09 5200 A" ©5)" ®Rg®Rw. (9.1.8)

Lemma 9.1.0.1. Consider the M, N, etc. as defined in ( ). Then one has

1 5 0 0
M==-M,,|g"°dz!)® — - ¢"’dz" ® — |,

27" (g T8z 9 P
_ 1 ~ 0 0
M=-M;|g"°dz" ® Md*u@i)?

2 (g : 0z° g 0z°

1 _
¥e 0o 2 prasro L)

2 0z 0z°
] ) 5 5 (9.1.9)
N = *N*,; vo gzt Ao qzv 7)’

2 (g ‘ ®8z"+g : ®8z”

1 _
C = 50,“; (g””dz” ® 9 gtdz" ® %) , and
S 1S —( YIdt @ + ””dz”@i)

g \9 920 Y 0z°

This lemma is a simple consequence of lowering indices with the inverse of the hermitian
metric. The above then become a model for the decomposition of gl(6,R) with respect to
{w, 0}

9.1.1 Decomposition of 2-forms

To decompose the space of 2-forms we consider the infinitesimal action of GL(6,R) on w mim-
icking [KKar09] as follows’. Let A € gl(6,R), and then e* € GL(6,R), the action is then given
as

ety = —igag(eAtdz“) A (eAtdZﬁ) . (9.1.10)

We know from general theory the orbit of w is generic, so one should be able to recover A?(M)
by the action above. Indeed,

Proposition 9.1.1.1. Consider the action of A € gl(6,R) on w. Then the orbit of w is A%(M),
explicitly,
il

d] pa d
dt

W= e(M+M+S)t | _ i(M - M) -iS (9.1.11)

t=0

t=0

Proof. Differentiating with respect to ¢ and then setting it to zero one has

d
O et w=-ig,5[(Adz*) Adz? + d2® A (AdZ”)]. (9.1.12)
=0
For the rest of the proof we use lemma implictly.

2We shall use the same techniques when decomposing the space of 3-forms via Q and € in the next section.
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Consider N as above ( ), then

d

T eNtw = —%Nwdzo‘ A (goz,gg”ﬁdz”i (dZB) + ga[;g‘“?dz”% (déﬂ))
t=0

0z° 0z
= AN A2 A (872" + 612" (9.1.13)
92 2
= % w(d2 Adz” +dz” Ad2?) = 0.

Similar to the above, one can show

d

o eNw=0. (9.1.14)

t=0

The reason that N and N vanish is due to the fact they are symmetric, that is the + between
the first and second terms on the first line of ( ). This means that if one considered the
orbits of M and M they would be non-vanishing, they would map to themselves with a factor
of +i in front. That is to say

d d - _
—| M. w=iM, and —| M'.w=-iM. (9.1.15)
dt|,_o dt|,_,
Next, consider the hermitian and skew-hermitian spaces. Taking C, as above ( ),
d C i vo 0 « = e v 0 =
T t=oe t-w:—iqmgag (g dz”ﬁ(dz YAdZ? - g*odz Adz ﬁ(dzﬁ))
—% (923Carg™ = garCi59"") dz® A dz” (9.1.16)

i o e
==5(Cap = Cap)dz ndz” =0.

The reason that this term vanishes is that it is skew-hermitian. This means that if one considers
S it is non-vanishing, i.e.

d
et w = -iS,,d2" A dZ”. (9.1.17)
dt|,_,
O
Equation ( ) makes sense because the extra factor of i changes C' from skew-hermitian

to hermitian and S from hermitian to skew-hermitian, and skew-symmetric objects are zero
under skew-symmetric tensor products. So if one considers the orbit of the infinitesimal action
of A e GL(6,R), then the kernel of this map is the space of symmetric complex tensors S° @ 592
and skew-hermitian tensors [[A'!]]. Furthermore, the image of this map is contained in the
space of 2-forms, which by the complex structure J splits as {+1}—eigenspaces. Under this map,
the image of skew-symmetric complex tensors A*°®A%? is sent to itself (the —1 eigenspace) in the
space of 2-forms. Furthermore, this map sends hermitian tensors to skew-hermitian tensors (the
+1 eigenspace). Counting dimensions, these are both real 9-dimensions, so they are isomorphic
to one another via ( ).
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9.1.2 Decomposition of 3-forms

To decompose the space of 3-forms we need to consider the infinitesimal action of GL(6,R) on
Q and Q. Let A e gl(6,R), then e € GL(6,R), and the action on € is given as

Al g 3005, (Adz%) Ad2” A d27, (9.1.18)
dt|,_,
and
d _ _ .
o e Q =30, (Ad2%) Ad2” Ad2T. (9.1.19)
t=0

Now the following proposition,

Proposition 9.1.2.1. Consider the action of A € gl(6,R) on {2 and Q. Then the orbit of  and
Qis A3% @ A%t and A%2 @ AL2, explicitly,

i e(g+w)t~QL>A3’O, i eNt~Q;>A(2)71’ g eMt-Q‘ﬁAO’l,
dt|,_, dt|,_, dt|,_,
B b b (9.1.20)
4 et Qo A03, 4 eNt-QQA(l)’Q, and 4 eMb Qo ALO,
dt t=0 dt t=0 d t=0
Proof. As was done in the previous proposition, we use lemma implicitly. Now, it is clear
from the beginning that the action ( ) on barred coordinates is zero. So N, and M are in
the kernel i.e.
d Mt d Nt
— Q=—| e""-Q=0. (9.1.21)
dt|,_, dt|,_,

Then consider N and M, under ( ) they become

d - _

T eMt.Q) = 3Mapg” QopydZ™ A dz” A dz7, and

1 =0 (9.1.22)
—| M= SNa,;gD‘TQU,ngZQ Adz? Ad2.

dt -0

Then consider ¢, an element of [[A(l)’l]]

d 3 .
—| e Q=" Qg det AdP Ad2T. (9.1.23)
dt|,_o 2
Using ) )
Cup = Juac]ﬁﬂcaﬁv and "% = J"3J7 9" (9.1.24)
( ) becomes
d , 3 5
T et Q= écu,;gwﬂgmdz“ Adz? A d2Y
t=0 5 (9.1.25)
= —ic,ngUQgﬁ,ydz“ Adz? Ad2Y.
Hence
d
—| e’-Q=0. (9.1.26)
dt|,_,
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The information we relied on was ( ), i.e. the action of J on 2-tensors with a barred and

an unbarred index is the same as the identity transformation. This means that for s € [[Sé’l]]
the same result will hold

d

—| et-Q=0. (9.1.27)

dt|,_,

If we then consider the elements in [[A"!]] and [[S"!]] one has

e9t.Q =30, and 4
o0 dt

et Q = 3i0. (9.1.28)

dt =0

Under the map, ( ), the kernel is A?° @ 52° @ [[Sy']] @ [[Ay"]]. The same exercise for €,
that is the orbit for A € gl(6,R) yields,

d Mt A v a =B = d Nt A VG a =B =
T t:Oe “Q=3Mug9"7 Qs5d2% AdZ7 A dz7, T tzoe “Q=3Navg""Q55,d2% Adz" A dz7,
d ~ - d ~ _d e =~ o d o =

e9.0=30, —| et Q=-3i0, —| M.Q=—| V'.Q=0, and
dt t=0 dt t=0 dt t=0 dt t=0
g ct . Q — i st O — O
dt =0 dt =0

(9.1.29)

One can see that the kernel is A%? @ S%2 @ [[Sé’l]_] ®[[A)"']]. To make the characterisation with
the space of 3-forms, we consider M € AM® and M € A%!'. Then

19" Q57d2” AdZ" = AP2 and 9" Qpp,dz" A d2” o AP (9.1.30)
Counting dimensions gives an isomorphism
A*0 = A% and A%? = ALO, (9.1.31)
From standard representation theory, the space of real 3-forms splits as
A 2AoAP e oA’ e Ao A" (9.1.32)

From dimension counting one sees that for A € gl(6,R)

d d _
—| M QoA e A @A, and —| M Qo AP @A) e AN, (9.1.33)
dt], dtf,g

The images of ( ) and ( ), and ( ) prove the proposition. O

Thus, we have recovered that the orbit of Re(2) = %(Q +Q) is generic in A3.

9.2 Characterising the Torsion Space

The torsion space is given by g* ® [[A}0]] = [[AY]] @ [[SY']] @ [[A*!]] @ [[A'°]]. These are
irreducible representations for su(3). We re-write in another form

gte[[A']]=(1e8)e(1e8)a(3@6)e (306)a (303). (9.2.1)

We write it this way to highlight that the total dimension of the torsion space is 42, we also wish
to highlight that there are 10 irreducible subspaces. This is an important count for the linearised
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theory, as this number dictates the number of free independent Lagrangians one expects to write.
We parameterise the torsion as follows. First consider, A € [[Ay']], and B e [[Sy'']]. JB €
[[A*1]], thus can instead use a complex (1,1)-form 7 and parameterise the space (168)®(1®8),
in ( ), using Re(n) = A and Im(7n) = JB. Next, the space (386)® (3®6) in ( ) can be
described through a one-form & € [[A'°]] 2 3®3 and real symmetric 2-tensor h € [[S*°]] = 6®6.
Finally, the space (3 ® 3) can be characterised by another real one-form A € [[A»]].

9.2.1 Intrinsic Torsion of SU(3)-structures

To be able to use the power of the techniques developed by [Kar09] we need to convert the
SU(3)-structures to real ones. w is already real, and so we start there. The covariant derivative
Vw lies in the real version of the decomposition of 2-forms. We have shown that there is no
component of Vw lying in [[A"!]], and S*° (hence S%?). We proceed to show the following
theorem,

Theorem 9.2.1.1. Let X be a vector field on the 6-dimensional spin manifold M with an
SU(3)-structure {w,}. Then one has

XV qwpdw"” = —TMJ’\,,dw“”. (9.2.2)

Here 7 € [[A%9]].
Proof. One must consider a symmetric tensor in [[S11]], then its real action on w has the form
S =J, S, dw”. (9.2.3)

We show that this component is orthogonal to the direction of Vxw = X*V,wasdw®” by taking
the inner product with ( )

2XMV wapJ*pSPP = 2X1SPP g,V wasw™. (9.2.4)
We have used metric compatibility of the connection to commute g, and now use

0= V,(62") = V,u (Wapt0™) = Ve g™ + Wap V uw ™. (9.2.5)

The above shows that V,w,gw®" is antisymmetric. This, in turn, shows that the contraction

on the right-hand-side of ( ) is zero as a symmetric tensor is completely contracted with an
antisymmetric tensor. As objects in [[S?"]], and [[A"!]] do not appear in the decomposition
of 2-forms, the only space that Vxw can be in is [[A%°]]. O

_ Similarly, we now prove the following statement for the real and imaginary parts of {2, C and
c=JC.

Theorem 9.2.1.2. Let X be a vector field on the 6-dimensional spin manifold M with an
SU(3)-structure {w,}. Then one has

XPV ,Copy ™™ = (FauC" gy + ACapry )dw™?7. (9.2.6)
Here 7 € [[A%°]] and X € [[A°]]. Furthermore,
XPV ) Copry dw™ = (#(FapC" ) = ACapy ) dw™?7. (9.2.7)

Proof. The second equation ( ) follows from the first and taking the Hodge dual. Recall that
the space Ag’l c A? is parameterised by a complex symmetric 2-tensor N by

AP 5 N 50N Q.20 (9.2.8)
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Taking then the real part of this equation gives us access to the parameterisation in [[Ag’l]].
Let N = h —1iJh for some real function h € [[Sg’o]], one has

[[AZ1]] 3 haaC gy dw™??. (9.2.9)

This component is orthogonal to the direction VxC = X?V,Cp,dw"”? by taking the inner
product with ( )
6X "M 5 CpuupCr 7 (9.2.10)

Now we use
0= Vg(g“)\) = VJ(CIWPC)\DP) = VUC/WI,C)\U’O + CIWpVJC)\Vp. (9.2.11)

The above shows that V,C,.,C,\"? is antisymmetric. Next, consider the space A°, parametrised
by real smooth function a and b in C*~(M) as

A% (ag,» + iwa;\)gj‘prmdw”m. (9.2.12)

Taking the real part one then has

[[A°]] 3 (aCpup + BC i ) A (9.2.13)

Finally, using
0= Vo(gur) = Vo (CuvpC?) = 2V5CpupC7. (9.2.14)
Thus VxC is orthogonal to C in ( ). The rest of the cases need not be considered as they
do not appear in the decomposition of real 3-forms. O

9.2.2 Reparametrising & Extracting Torsion

Let us begin with VxC. In this first instance, we recall that for 2-form in A%, one can write it
as a vector field in A%! contracted with Q ( ). This means in the real case one can write

7= XCrapdw®™®, and 7 = Y7C,apdw®”, for some X,Y € A'(M). (9.2.15)
Then using the relation that JC = C one can write the Vyw in component form
VxWuw = X Cous (9.2.16)
and in a similar vein one can write
VxCapy = Y Crlalu|C" 9] + AoCapy- (9.2.17)
We now have the following lemma
Lemma 9.2.2.1. Let X and Y as above, then X = %Y.
Proof. Firstly, we use the relation C Aw =0, and C AC = (2/3)w Aw Aw to show

VxCAw+CAVxw=0 = Y/\CA[a\mC“mwap] + XA@A[apCa/ay] -0
Y wr[awpywop] + X CrfopCapy] = 0 (9.2.18)
(Y Jw)AwhAw+ (W JC)AC =0.

On the other hand,

2 4 2
C/\C:§w/\wAw:> (X_IC)/\C+§(X_Iw)/\w/\w:O (9.2.19)



135

This must mean that X = %Y. O

This completes the picture for what the torsion should look like in index form.

Theorem 9.2.2.1. Let w and © be SU(3)-structures, then the covariant derivatives, i.e. torsion,
is given component-wise as

3 . .
VoW = §T0;ACAW7 VoCapy = To; ' wrlawpn) + AsCagy, and (9.2.20)

4 1
VoCapy = §T¢T§[Oéw5’>'] = AsCapry-

Here a tensor of the type T,. refers to a an object in A'(M) ® A'(M). The semicolon is to
emphasise there are is no symmetry in the indices. Also, for the last expression we recall that
v xC is the Hodge dual to VxC, and that *w = (1/2)w Aw. One has that T'e A'(M) @ A (M),
and A e A*(M) so

T=A+B+rIC+h+ag+bue AN (M)e A (M). (9.2.21)

Where A € [[A5']], Be[[Sy']], a,b e [[A°]], &, A € [[AYC]], and h e [[S*°]]. We now proceed
to extract the torsion terms above in terms of exterior derivatives of w, C' and C, we exploit the
characterisation made by [CS02] to write

3
(dw) uwp = _§bcxtvn + §acxwp + ALpwun] + h/\[pCAW]’

(dC)opur = o pw ) + K1oCouv] = Afopwpv], and (9-2.22)
(AC) o v = b ptyun) = K WA Coppan) = Blo Wi ptun]
It is convenient to take the hodge duals of the second two terms written
v 1
#(dC) = 20wy + K" Copw — §AW, and
(9.2.23)

. 1
+(dC) = 26wy, — K Co s + §J[MABV]A.

It is very easy to extract the tensors from the exterior derivatives by contracting appropriately
with the background forms w, C and C.

Lemma 9.2.2.2. Let a,b € [[A°]], and &, \ € [[A1°]] be components of the torsion, ( ),
then one has
1 Sprp 1 uvp 3 v
a= %(dw)wpc , b= —%(dw)wpc , Ao = Z(dw)uvow , and

. (9.2.24)
Ko = 1 + (dC) W C* 5.

Proposition 9.2.2.1. Let A € [[A)"']], B € [Sy']], and h € [[S?°]] be components of the
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torsion, ( ), then one has

1 o 1 Sor
h)\[ﬂc/\l“/] = ﬁ(dw)aﬁvc MCWP - ﬁ(dw)aﬁvc mcuup
3 (e}
- Z(dw)aﬁ[pw 5“#&1/] +(dw) ywp,
9 1 (9.2.25)
A,uu = §(dw)o¢5’ycaﬁ’ywuu + 5 * (dc)aﬁcaﬂ)\CAluy -2% (dC)#V, and

2 1 A R
T By = §(dw)amcaﬂmw to* (dC)apC*Crp = 2 * (dC) o
Remark 9.2.2.1. We do not extract the symmetric parts, because they are more useful in these
forms, in keeping with Plebanski-formalism. Indeed, the goal is to be able to write an action
functional, hence one requires the auxiliary fields to be differential forms, which inherently are

antisymmetric. The tensors B and h are not antisymmetric unless they are contracted with J
and C, respectively.

We can now state the following corollary,

Corollary 9.2.2.1.1. w and Q are parallel SU(3)-structures if, and only if, dw, dC and d¢
vanish if, and only if, the tensors characterising the torsion space g* ® [[A}°]] vanish.

9.3 Curvature

The space of curvature tensors {R;;x} € K c A2(M) @ A?(M) satisfy the Bianchi identity,
Rijki + Riji + Rikij = 0. (9.3.1)

The decomposition of A*(M) ® A?(M) into SU(3) irreducible representations is given as

A(M)oA*(M)=5*(1e30368)
=(lo30308)a(lo606a8)
©(1030308015015027T0606).
= A*(V) ® Ricci ® Weyl.

(9.3.2)

We now have the decomposition of Riemann tensors given as the direct sum of Ricci and Weyl.
Next, recall that
g-=19®3®3, and g =8. (9.3.3)

One can ask how the products of each sit in the space of Riemann tensors, more specifically
what components lie in the Ricci and Weyl parts.

S(gteg')=2(1)930308066,
S(g®g)=27T08a1, and (9.34)
0'®g=150150606330308.

The above shows that the decomposition of the Ricci tensor lies in the +i eigen-subspace with
respect to J, which is 1 @ 8, and in the —i eigen-subspace with respect to J, which is 6 ® 6.
There are two ways to project the Riemann curvature tensor: either through the background
real 2-form w or the real background 3-forms C' and C. We wish to characterise the portion of
the curvature that can be accessed by the torsion, which is facilitated by the following theorem.
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Theorem 9.3.0.1. [Bianchi Identity] One can access the parts of the curvature tensor R by
projecting onto the background forms w, C and C as follows

T 3 T 3 T
o (B)poiw = Roo (1uirli] = 5 V10 To) Cruw +  T1p o))

+ T[pT)\U]CTMV,

7e(R)* apy = R 1aClriy) = VTV wrawgs) + VA Cap,

1 9.3.5
- iA[pTU] [aWp~y], and ( )

; oT 5 1 o 1 o
7o (R) " apy = R 7 aCpripy) = §V[”T Tawsq) - gT[p[aV Jwgy

~VIPNTIC g + NPT -

Where have suppressed the semicolon in the expression above for T. It isn’t difficult to
compute the above using algebraic identities involving C' and w, for example C' A w = 0, the
identity for curvature tensors on a k-form (3

Rav [, Bel...n] = Via V) Bur oo (9.3.6)

and theorem ( ). What we can proceed to show is that information about curvature is
encoded only in orbit of w. Indeed, if one contracts 7, s(R) with C, and applies appropriate
identities, one has the resulting corollary

Corollary 9.3.0.1.1. Let chch(R) as above. Then under the following maps one has

7 (R) " (a)p~1C™ 51 = BT [aClr3y(C7 5] = 2 (R) a5, and

(R oGP = B0 Croy Oy = 0 (950
¢ [alB] 3] [aY]787] 4]

If one chose to contract both 7, s(R) with C the same result holds.

The curvature tensor can be considered as an object in (A2©A%)-A%. We want to understand

are the parts of the torsion that can be accessed by these projections m u,c,é(R)' Corollary

shows that, to access the projections of the curvature tensor parameterised by intrinsic

torsion, it is only useful to consider m,(R). Recall, the orbit of w in A? reduces is [[A*°]],
theorem ( ). Therefore,

T, (A2 0 A%) - A* - A% @ [[A?Y]], (9.3.8)
writing the above in terms of irreducible representations, one gets

Ao ([[A*°]])z(3e3e801)® (3@3)
*1e804(303) (9.3.9)
02(6@6)e (15 15).

Compare this result with ( ), and notice there are an extra three copies of 3 ® 3. One
expects that in expanding the torsion 7" in terms of its irreducible representations via the formulas
in theorem ( ), these extra copies of 3 ® 3 don’t appear. Furthermore, from this analysis,
one sees that 27, a copy of 1, and a copy of 8 do not appear. These are exactly the parts of the
Weyl curvature we don’t have access to. Let us now write the Ricci tensor and Ricci scalar from
Tw(R).
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Theorem 9.3.0.2. The Ricci tensor, in local coordinates, is given as

o 3 T T
Rpy = 70 (R) (plosup) 97" = g(v T, Crpw + VT, Crpp)

3 T T
- g(va HCrpw + Vi TTCrpp)
3 T T
* 16 Do T ) + T T (7 Wpp1)
(9.3.10)

3 T T
+ E(T MTp[TW,uy] +T HTV[.,.pr])

1
+ (TN Crpy + 1,7 N Crp)

+ = (T XNCrpps + TTHALCr i)

1
4
The Ricci scalar, in local coordinates, is given as

1
R=Ryg" = —%VTT’“’CTW + ZTT“T”[TwW] TN Crp (9.3.11)

The torsion completely determines ( ), the Ricci tensor sits inside this decomposition and
is characterised by the equations above. This leads to the following corollary.

Corollary 9.3.0.2.1. Let M be a spin manifold in 6 dimensions equipped with an SU(3)-
structure {w,Q}. M is Ricci flat if, and only if, the intrinsic torsion space completely vanishes.

Furthermore, we then have a characterisation that an SU(3) structure is parallel, or integrable
if, and only if, the Ricci tensor is vanishing. So M is an SU(3) manifold if, and only if, the
intrinsic torsion vanishes if, and only if, it is Ricci flat.

9.4 Linearised Analysis

We conclude this chapter by constructing an action that is linearised in the background fields:
the metric and the SU(3)-structures w and € — similar to SU(2). To begin to understand what
constitutes a linearised diffeomorphism invariant Lagrangian, one needs to consider the tangent
space to the orbits of these structures. We write 9 = p® (9% := p®) as notational convenience
for now. This is because we understand the behaviour of the derivative, locally, and how the
symmetric product of two derivatives can pair with themselves and other other tensors. We
begin by decomposing:

AMoA' =60608a1. (9.4.1)

It is understood that 1 corresponds to p,p®, 8 corresponds to p,py (without the trace), 6
corresponds to papp, and 6 corresponds to Ppepp. To understand what field content we need to
consider the tangent space to it, it is not hard to see that the tangent space to the SU(3)-
structures consist of irreducible representations 3, 3, 6, 6, 8, 1, and 1. Here 1 2 1 and is written
as such to emphasise there is another field present different to that lying in 1. As we are taking
symmetric pairings of the fields we only need to consider

606=6o15,
_ 808=19827,
636=10827, _
8®3=3906915,
633=8410 (9.4.2)
_ 303=6,
63=3a15, _
33=18.

628=3060150 24,
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Of course, there are also the products with the trivial representation 1 and 1. Furthermore, any
missing decompositions are complex conjugates of the above.

9.4.1 Complex Lagrangian

Armed with the representation theory above, we can write terms that one expects in the complex
linearised Lagrangian. Now,

32 AP0 A 628072 A0, 825y 2 Ay, and 1212 C®(M)g2 OF(M)w.  (9.4.3)
along with any complex conjugates. Our tensor fields will be constructed as follows

o Let Nogdz® o dz? be a tensor fields in 6, and let Magdz® A dz? be a tensor fields in 3.
Then define H = M + N be a field with no symmetries in 3 ® 6. This means H is a field in
306.

e Let h be a field in 8 ® 1, h is a real tensor field.
e Finally, let ¢ be a real field in 12 1.

One now couples all the fields and using representation theory we can determine all possible
kinetic terms in the linearised theory

e HH corresponds to decomposition (3®6) ® (3®6) =4(8) ®2(1) ® 10 ® 10 ® 27. Hence,
there are 4 terms with derivatives of type p,p” and 2 terms with derivatives of type p?. It
should be noted that since there are representations and their complex conjugate (consider
NN+M M terms) there are derivatives with 4 real degrees of freedom and a single derivative
with 1 complex degree of freedom.

e HH corresponds to the decomposition (3@ 6) @ (3®6) =3 ® 3 ® 2(6) ®2(15). Hence,
there are 2 terms with derivatives of type p,py. Since there are complex conjugate terms,
one will have derivatives with 2 complex degrees of freedom.

e Hh corresponds to the decomposition (1©8)® (3®6) = 3(3)®3(6) ®15® 15 24. Hence,
there are 3 derivatives of the types p,pp. Since there are complex conjugate terms, there
will be derivatives with 3 complex degrees of freedom.

e Hc corresponds to the decomposition 3 ® 6. There is a derivative of type papy: since there
are complex conjugate terms, the derivative will have 1 complex degree of freedom.

e hh corresponds to the decomposition (1® 8) ® (1@ 8) = 2(1) @ 2(8) @ 27. There are 2
derivatives of type p.pp and 2 of the type p?. Hence, the derivatives will have 4 real degrees
of freedom.

e hc corresponds to the decomposition (1 ® 8) ® 1. Hence, there is a derivative of type p?
and p,pp and hence 2 real degrees of freedom.

e ¢? corresponds to 1 2 1, and so the derivative has 1 real degree of freedom.

Therefore, there are 7 complex derivatives (and their conjugates) and 11 real derivatives consti-
tuting the kinetic terms in the linear Lagrangian.
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Diffeomorphism transformation properties

We wish to determine the transformation rules for the fields that we have introduced. Let A be
the perturbation of a real 2-form parameterised as follows

A=A,,dz" + A,pdz" + complex conjugate (c.c.). (9.4.4)

Since it is tangent to w it has the form

A= 4 M9t 4 ee. (9.4.5)
dt],_

This characterisation was made in the previous section and these pieces have been described
already. Explicitly B )
A=w,50" My dz" +w 597 Sepd2!”. (9.4.6)

Under diffeomorphism the various pieces of A transform differently, we have
§A=08A,,dz" +5A,,dz" +c.c. (9.4.7)

Knowing that w is a constant background 2-form, under diffeomorphism, i.e. the Lie derivative
& Cartan’s magic formula, that variation in 3 and 8 ® 1 is given as

514@/3 = 5iMa5 = 3[a§|mwﬁ];g“’7, and 5‘4(16 = (SISQB = 8[a€|ﬁ|w[§]ygﬁy. (9.4.8)
Here £ generates the diffeomorphisms. Simplifying the above gives,
0Map = Oap) and dhy5 = O(a&p)- (9.4.9)

The diffeomorphism of the trace is extracted by tracing the second equation giving
1 _
oh = 5(85 +0¢). (9.4.10)

Where we define 9,£" = 9, and 9;&H = O€. As we will see further on, §h is the real part of the
perturbation of a complex function f. This is why we see two copies of 1. There is a perturbation
associated with the imaginary part of f. This is extracted by considering B, a non-degenerate
perturbation of a complex 3-form of the following kind

B = Bap,d2P7 + Bap,dz®. (9.4.11)

It is tangent to €2 and so has the form

=4 g g (9.4.12)
dt|,_,

Taking the variation of the various components B
5B&/Bry = 3@§ﬁQV5Vg’_“’, and (SBQB»Y = 35)a§ﬁQl,gygﬁV. (9413)

Consider the variation Bsg, € A*!. B can be written as the sum of a complex symmetric (0,2)
tensor N, and an complex antisymmetric (0,2) tensor M which have a single index contracted
with the complex (3,0) form €, i.e. Bagy = (Nap + Map)Qpy9™”. Then taking the variation
and recalling ( ), one has

6@5ﬁ9yﬁ—ygﬂy = 5B54ﬁ’y = ((SN@ﬁ + (;M@ﬁ)QyﬁaygﬁV (9414)
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The antisymmetric part has already been extracted in ( ), this means that
5N;“7 = 6(ﬂ£9)' (9.4.15)

Since Bagy = fSlapy, for the function f = h +ic, the respective traces of the metric and the
(1,1)-form. )
0Bagy = 0fQapy = 38@5}19”679#”. (9.4.16)

Now multiplying both sides by €25-5, and contracting indices totally on the left-hand side gives

TP
8 fQaprir9” 9977 = 300 sy g™ Vs 9" 977 (9.4.17)

We now use the following identities

Qopr Qsrpg 97 977 =12, and Q,3,05,,9™9%" = 4(g,5 - w,3), (9.4.18)
one has . )
Of = 0a&u(g™" —w™). (9.4.19)
The above recovers ( ), but one also uncovers the perturbation
1 _
e = (9 - 9). (9.4.20)
i

This is the other field 1. In summary,

Lemma 9.4.1.1. Consider the tensor fields parameterising the gl(3,C) orbit to the SU(3)-
structures and metric. Then the diffeomorphisms along a holomorphic vector field £ are given
as
1 — 1 _
0Hop = 0aép, Ohog =0as, dh = 5(85 +0¢), and dc = 5(35 - 0¢). (9.4.21)
i

9.4.2 Diffeomorphism Invariant Linearised Lagrangian

We now vary the 25 terms that can be written in the Lagrangian. As stated previously, 7 are
complex derivatives, so we write down 18 terms with an overall scaling factor A;. We shall
vary all 18 terms and write them below, using integration by parts liberally (we assume our
6-dimensional manifold is compact), and assuming total derivatives vanish.

Ar: 050.8(HPH  5) = 9P 9P Hyp + 0°6P 0% Hop,

Ao 050, 8(HP7H 5) + c.c = 9070  Hyp + 0P 0% Hop + coc,

As: 050, 0(H Hy") = 060°0° Hyp + 900" Hop,

Ai: PS(HPH,j) = 0°¢P0%Hyz + 0°€P 9 Hop,

As: PS(HP H,j) = 0P 0% Hyz + 0°€ 9 Hop,

Aot 000n0(H oy Hap) Q7 QP 4 e = ~20,0,,0, Hap QM Q5P 1 c.c = 0,
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05050 (H,u Hog ) Q7M™ 4 c.c = 20,000, H, 5 Q7 Q" 4 c.c = 0,
0,0:0(h7P 1" 5) = %(85 +06)0" 0" hyuiy + 0"€" 0% by,

_ 1 — _
Ag: 050:0(h""h) = (9 + 9E)(8°h + 09" h,up),
Aoz O6(h*Phyg) = 201" 0P hy,
Ay s 0*6(h?) = (9€ + 0€)dh,
Mot Bp0x0(HO"R5,) + c.c = =M€ 0%y + 0EPO? H o + DED™O° Hop + c.c,
Az Op0x0(H" h5,) + c.c = DEQM I by + PEVD* Hop + DED™DP Hop + c.c,
- _ 1 _
Ay: 050:6(HO®h) +c.c = BED*h + 5(ag + )00 Hpp + c.c,
_ _ 1 _
Ais: 050:0(H"c) +c.c = DEOc + 5 (96~ DE)0“0° Hyp + c.c,
1
Ag: 050.0(h%"c) = %(ag +06)d%c+ %(ag ~ 0€)0"0" hyup,
i
A7 0%6(he) = ;(ag - 06)0%h + %(ag +0€)0%c,
i
Mgt 926(c?) = -i(9€ - 9€)d%c.
Where 92 = 0,0%. Collecting like terms gives the following set of equations that must be set to
Z€ero
5 0B A2 - 1 ap 1 1 - 1
9% 0 Hyp: Ay + Ay + Ay, 080" 0" hyyp - §A8 + 51\9 + Az + §A167
502 . _ _
875_8 HQB : Al +A4 +A127 agauauhulj . %AS + %Ag +A13 _ %A]ﬁ’
aﬁfaazH&B IA2+A5+A13, D a2 _ !
8”5”6 hwj : Ag + 2A10 — Alg - [\127
8650‘62Ha3 : A2 + A5 + /\137 1 1
_ 2y . = A _
658(186[{&5 : A2 + A3 + ]\12 + ]\13’ 868 h: 2A9 + All + A14 + 2iA177 (9422)
— _ — 1 1
900" Hop : Ay + Ag + A1z + Ais, 9ED*h : §A9 + A1+ Mg - 51\177
i
= 1- 1
agBrr .- - - 1 1
0£0“0 H&B : 2A14 + 2iA15a 85826 A5+ §A16 + EAI? —iAqs,
1 1
a 98 . _ = — 1 1
0c0" 0 Hap : g1 = 5rhss, 9ED*c: M5 + g6 — o7 + ik
Re-writing the above equations gives
A1 + A4 + Re(Alg) = 0, Im(A12 + A13 + AQ) = 0, QRG(AH) - Ag - 2A10 = O7
IIIl(Alg) = 0, Re(A14) + IIIl(A15) = O, 2R6(A14) + Ag + 2A11 = O7
RQ(AQ + A13) + A5 = 0, Im(A14) - RG(A15) = O, QIHI(A14) - A17 = O7 (9423)

Im(A13 + AQ) = O7
Re(A12 + A13 + A2) + A3 = O,

2R€(A13) + Ag + Ag = 0,
QRB(Alg) - A16 = 0,

2Re(Aq5) + Ai6 =0,
A17 + 2A18 =0.
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The solutions are then

Im(Ai2) =Im(Aq3) =Im(Ag) =0,
Re(Alg) = —Al - A4a

RG(AQ) = —%Aw - Ag + A1 + A4,
RQ(A14) = —IHl(A15)7
1
A = §A16 — (AL + Ay + Ayg) —Re(Ary), (9.4.24)

1 1
-Re(A13) =Re(A15) =Im(Ay) = 51\17 = _§A16 = -As,

A5 =A3 - Ay - Ay,
As = —2(A1 + A4 + A10)7
Ag = —A16 + 2(A1 + A4 + AIO)-

There are 15 equations above that reduce 21 of the 25 parameters to 6 free ones

{A1, A3, Ad, Avo, Re(Ara), Avs - (9.4.25)

Furthermore, as the terms with Ag 7 (and their complex conjugates) vanish under diffeomor-
phisms, there are 2 more complex free parameters, which means there are 10 free parameters in
the theory:

{AhAg,A4,A67A7,A10,R6(A14),A16}. (9426)

We now conclude this chapter with the following theorem.

Theorem 9.4.2.1. The space of linearised diffeomorphism invariant Lagrangians on a compact
6-dimensional spin manifold M with SU(3)-structure, {w,}, is constructed from a basis of
8 pieces: 6 pieces parameterised by real parameters and 2 pieces parameterised by complex
parameters, as follows

ACNACGR*"CH+£H’+£16+£14+£4+E3+£1- (9427)
Here each piece is given as

Lo~ Mo (0?0 hop = 20,0:h7 W 5 + 210, 05h7% - 9°h)
L~ N (0505 Hy Hag Q7 Q) |
L % A7 (0605 Hyuy Hog Q7P |

Lo~ A16( (0005 H™hF + 00 HY 71", ) + (050, HPT H" 5 + 0,05 H 7 H" 5 )

—i((h-1ic)050:H" - (h+ic)0,0,H") - %82(h —¢)? = (h- c)&,a,{h”’%),

A o

Ligw % ((h=1ic) 9,0 H + (h +ic) 9,0, H" - 20*h?),
A ~ 5

Lan 5t (hdo0ch™ = 0,057 1" 5 + 20 H*® (Hap ~ Hpa))
Az

Lyn =2 (02 H Hop + (0500 H7 H" 5 + 20,05 HP7 H™ 3) + 0,0, HO" H" ),

2
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Lyw A1(2h8(,8,;uh”"“ ~20,0:h7P W% 5 - 9*h? - P H P Hg,, + % (050 HO7 HO 5+ 0,0, H" HF )

- % (05=H"h" 5 + 0,0, HT" h",) )

Remark 9.4.2.1. Lgp is the linearisation of the Einstein-Hilbert Lagrangian. One can exhibit
its canonical form by further integrating by parts Lgg, and rescaling Ao — —%Alo-



Chapter 10

Discussions

We now make some concluding remarks about the work completed in this thesis, and possible
avenues of study one could pursue.

10.1 Non-Classical Spinorial G-structures

10.1.1 Classification of Real Spinors and Integrability

The stabilisers of the impure orbits of Spin(8) were SU(4) and Spin(7). By embedding Spin(8)
into Spin(10) and Spin(12), we parameterised impure orbits using octonions. This yielded the
stabilisers SU(4) x U(1) and Spin(7) x U(1) within Spin(10), and SU(4) x SU(2), SU(6), and
Spin(7) x SU(2) within Spin(12). However, many more stabilisers in 12 dimensions, at least,
cannot be accessed using Spin(8) alone.

In the analysis of 12 dimensions, we used a modified Majorana constraint to reduce the
difficulty of the problem. This neat trick, effective in 10 dimensions, and a convenient param-
eterisation of spinors in 8 dimensions, allowed us to access new stabilisers. If one relaxes the
modified Majorana constraint, the classification of stabilisers becomes too difficult, as we can
no longer eliminate components with the aforementioned trick. Hence, the best way to move
forward in classifying all real stabilisers in higher dimensions remains uncertain.

Spinor Stabliser Metric
Yo _— SU(5) 90
v
Spin(10) (0 —_— Spin(7) x U(1) > g
?
1y - 5 SU(4) x U(1) 92

?

Figure 10.1: 91,2 are representatives of an orbit, with stabiliser SU(5), Spin(7) x U(1), or
SU(4) x U(1). The metric at each point is generated only for 1, g1 2 are not known for now.

Next, let us consider the integrability of non-classical spinorial G-structures. Recall that

145
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there are three types of spinorial G-structures in 10 dimensions: SU(5), SU(4) x U(1), and
Spin(7) x U(1). Consider the set of canonical differential forms associated with the classical
SU(5)-structure that stabilises a pure spinor in 10 dimensions, 1y, denoted as {wig,Q10}. One
can algebraically reconstruct the metric using the formula g(X,Y") = wi9(J10X,Y") (where Jyg is
the complex structure derived from Q¢ via the formula ( )), and then evaluate the covariant
derivatives of wig and Q19 with respect to the Levi-Civita connection, V. If they are parallel
with respect to V, then the SU(5)-structure is integrable.

We have shown in the main text (see proposition ) that the exterior derivatives are
both necessary and sufficient for the integrability of the SU(5)-structure. On the other hand, as
shown in figure , we have not yet provided a formula to generate a metric in 10 dimensions for
SU(4)xU(1)- or Spin(7)xU(1)-structures. Consequently, the conditions for integrability of these
new structures with respect to the Levi-Civita connection remain unclear. However, we can com-
pute the closure of canonical differential forms associated with SU(4) x U(1)- and Spin(7)xU(1)-
structures. Work in this direction has been initiated in [[Kra24b] regarding SL(4,R)-structures
in 8 dimensions. These speculations lead one to make the following conjecture:

Conjecture on Closure. Let M be a compact spin manifold of dimension n, and let 1) be a
spinor be stabilised by G ¢ Spin(2n). A non-classical spinorial G-structure is integrable (the
associated canonical differential forms are parallel with respect to a metric connection built from
algebraic relations between the canonical differential forms) if and only if each differential form
in the set of canonical differential forms is closed.

Finally, the examples exhibited from Spin(n,n) are even more mysterious. Hitchin’s gener-
alised geometry, as discussed in [[it00b], appears to be the most natural framework to study
spinorial G-structures where G c Spin(n,n). We hope in the future to at least motivate the
reconstruction of the metric from a collection of differential forms for non-classical spinorial G-
structures in Spin(2n), and to better understand Hitchin’s generalised geometry to apply it to
spinorial G-structures in Spin(n,n). It would be fantastic if there was a generalised framework
that could then be applied to spinorial G-structures inside Spin(r, s).

10.1.2 Classification of Complex spinors

The beauty of chapter 6 lies in the elementary nature of its design. It begins with the considera-
tion of pure spinors and swiftly connects these to geometric shapes and counting principles. This
method recovers all classical results for simple parts of stabilisers, and moreover, these results
are extracted via geometric maps, as introduced in previous chapters. However, this method
encounters issues in higher dimensions, inherent to both the approach taken and the objects
studied. In 14 dimensions, the space of Weyl spinors is 27 = 128, while the dimension of the
group is 7 x 13 = 91. Here, the space of spinors exceeds that of the group, thus constraining the
orbits.

In 16 dimensions, the space of Weyl spinors amounts to 2% = 256, but the dimension of the
group is 8 x 15 = 120. The larger space of spinors means that orbits are no longer constrained.
[L V82] has meticulously documented all the stabilisers. This significant achievement has, un-
fortunately, not been translated into English; nonetheless, the results are outstanding. One does
not need to read or understand the Cyrillic script to appreciate the extensive list provided.

We verified many of the orbits using brute force code, constrained by the occupation number
formulas, as outlined in [Wel23]. A preliminary analysis through the code demonstrates its
capability to reproduce the same results as those found in [DR93], which constructed some of
the orbits in [[. V82] using the symmetries of Eg o Spin(16). Further work is necessary to refine
the brute force approach and/or to enhance our algebraic understanding of spinors for d > 8.
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10.2 Integrability and Higher Dimensional Gravity

The Plebanski formalism, as explained in chapter 7 and elaborated in part [I, appears to be
the most natural generalisation for gravity-type theories one could propose. This is hopefully
demonstrated through the discussion of SU(2)-structures in chapter 8. The story for SU(3),
however, is less than complete. While all the ingredients to write a Plebanski-type action func-
tional are present, they have not yet coalesced into a full theory due to the challenging selection
of suitable auxiliary field(s). We hope to revisit this in the future and further investigate the Ple-
banski formalism for SU(3)-structures, aiming to achieve an Einstein condition by extremising
the action.

The analysis of the Plebanski formalism required unique approaches for SU(2) and SU(3).
However, one hopes there is an underlying theory that extends to all SU(m)-structures for
m € Zs4. For instance, in 8 dimensions, using the tools developed throughout this thesis, it can
be shown that the GL(8,R) action is not generic on SU(4)-structures. Indeed, the orbit of the
action on the real part of the holomorphic top form is contained within [[A*?]] @ [[A%1]] c A%.
This analysis resembles that of Spin(7), where the space of admissible 4-forms is also not generic
in A* [Bry87; Kar09]. Furthermore, we were able to show that the most natural second-order in
derivative conditions on the canonical differential forms in 4 dimensions are Einstein conditions.
However, we were not able to do the same in 6 dimensions. This is a difficult question because
SU(2) gauge invariance gave a unique action function to extremise. While in the case of SU(3)
one has an 8-parameter family of action functionals, even at the linearised level. There is no
clear gauge one can impose, like was done in 4 dimensions, to construct the most natural set of
second order PDEs.

Turning to a more physically conceptualised approach, even the linearised theory performed
in 6 dimensions presents challenges, due to a plethora of fields coupled to themselves and the
metric. G provides a more illustrative example case to understand the symmetries of the theory.
This is because, in the current studies of the linearised theory, only a vector field needs to be
coupled to the metric. Additionally, there is an inherent link between SU(3) and Gy — one can
calibrate a Go structure to exhibit SU(3)-structures. Specifically, by selecting a time direction
in 7 dimensions, a generic 3-form in 7 dimensions decomposes into Re(€2) and w, while its
Hodge dual breaks into Im(2) and w Aw (where Q and w represent a complex 3-form and a real
symplectic 2-form, respectively, in the remaining 6 dimensions). Work is currently ongoing to
study the linearised theory of Ga-structures, such that SU(3)-structures are clearly exhibited.

10.3 Flows of G-structures

A large scheme of interesting ideas that have not been explored is geometric flows as gradient
flows from the second-order diffeomorphism invariant Lagrangians that we have written for
SU(2), and could write, for SU(3). This seems like a fruitful path from the level of Ricci flow.
Recall for(M, g), a Riemannian manifold, the Ricci flow is defined as

%g = —2Ric(g). (10.3.1)

Here Ric is the Ricci tensor. The intuition for this equation comes from being able to deform
the metric in the direction in the direction of its curvature in hopes of extremising to the most
“natural” metric. As we are inspired by physics, we instead consider the following flow

S[g] =fMR -9, = %9=—RiC+%Rg (10.3.2)

where R is the Ricci scalar, and the right-hand-side is the Einstein-Hilbert action for gravity in
a vacuum. This does not behave as a good system of differential equations. However, this can
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be remedied by Perelman’s trick, [Per02] exhibiting this flow as a coupled system of differential
equations, consisting of a Ricci-flow and heat-flow equation. Indeed, if one considers the action
functional,

agg = —2Ric, and

Slg] = fM(R+IVf|2)e‘f -9, — gf . (10.3.3)
oA “R
1 f+IVf] ;

then this system does have short-time, and unique solutions. An application that we have yet
to apply but is a promising first step is to take the gradient flow of

S[E]:—%[MzieijkAj(z)Ak(z), (10.3.4)

and see if one can apply a Perelman-type trick. We hope that other theories that we construct,
as a generalisation of the Einstein-Hilbert theory, are also obtainable in a similar fashion.
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