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Off-shell, maximal supersymmetry & exceptional geometry

ANNA KARLSSON
Department of Fundamental Physics
Chalmers University of Technology

Abstract

Two lines of research are presented in this thesis, both with a focus on funda-
mental properties within the supersymmetric theories of high energy physics.
The first features analyses based on the actions for maximal supersymmetric
Yang-Mills theory and supergravity, provided by the pure spinor formalism.
The second is the development of the theory of exceptional geometry.

The analyses within maximally supersymmetric Yang-Mills theory and super-
gravity, benefitting from the pure spinor formalism, centres around the inves-
tigations of the UV divergences of the amplitude diagrams, where the case of
maximal supergravity is subject to ongoing research. There is currently an in-
teresting development in connection to the four-dimensional theory, regarding
a possible finiteness, indicated in the pure spinor formalism setting of the re-
search articles appended to this thesis. The results are contrary to the expected
divergence, currently of amplitude diagrams with more than six loops.

Exceptional geometry is an extension of supergravity that is constructed to in-
corporate U-duality. It is a geometric formulation with an extended space, in a
way similar to in doubled geometry, where T-duality is the symmetry accom-
modated for. Constituting a rather recent area of research, the theory is under
development with respect to the inherent symmetries, the tensor formalism,
etc., regarding the properties affected by the extended space. Its recognised fea-
tures, construction and concepts to be investigated are the objects of interest in
this thesis.

Keywords: Maximal supersymmetry, maximal supergravity, pure spinors, loop
amplitudes, exceptional geometry, U-duality, high energy particle physics
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Learn from yesterday, live for today, hope for tomorrow.
The important thing is not to stop questioning.

Albert Einstein

Introduction

Within mathematical high energy physics, there is an angle at the supersym-
metric theories required for unifying quantum field theory and gravity: to ex-
amine their most fundamental properties in terms of cause and effect. Barring
string theory, this leads to the maximally supersymmetric Yang-Mills theory
(SYM) [1,2] and supergravity (SUGRA) [3-6]. Their formulations are tricky due
to issues with keeping the symmetry present off-shell, but there is one way
to construct the actions: in superspace [4,5,7-15], in the pure spinor formal-
ism [16-30].

The pure spinor formalism provides a way to examine what maximal su-
persymmetry means to a theory. A similar situation is the object of interest in
exceptional geometry [31-52], but for U-duality [53-56] instead of supersymme-
try. There, SUGRA is altered to capture the dualities of the five string theories,
a symmetry absent in string perturbation theory, but retained in the low energy
limit SUGRA shows up in — both theories in perturbative limits of an elusive
M-theory, desirable to capture.

Main points

A key feature in the work of the Papers is that of manifesting characteristics
— in general symmetries, but truly any generating property or main feature —
with the goal of a better understanding of the theories involved. Firstly, in tak-
ing advantage of the maximal SYM and SUGRA formalisms using pure spinors
to, in a compact and relatively transparent way, approach the theories and the
properties thereof, primarily in terms of the

1



2 Introduction

— ultraviolet (UV) divergences in maximal SUGRA amplitude diagrams,

but as an aside, also in the context of Born-Infeld theory [57], describing string
theory D-branes [58-68] and with maximal SYM in a perturbative limit [10-13,
15}169].

Secondly, in developing the theory of exceptional geometry: SUGRA with
manifest (inherent and explicit) U-duality, obtained through an extension of the
spacetime geometry and the concepts connected to it.

1.1 Key results with backgrounds

The backbone of the major theme — off-shell, maximal supersymmetry — is the
pure spinor formalism. It is not restricted to maximal SYM and SUGRA; in fact,
it was first constructed in string theory, but its key feature is the introduction of
a (ghost) spinor that encodes the type of structure displayed by the maximally
supersymmetric theories. Regrettably, it is undervalued and deserving of more
attention. Within the high energy physics community, it is regarded as compli-
cated or difficult by many, at the same time as there is a general misconception
of the realisation of off-shell maximal supersymmetry as practically impossible.

Off-shell, maximal SUGRA
The most surprising result of the Papers has to do with a
— controversial possibility of UV finiteness of D = 4 maximal SUGRA.

The issue of divergences in maximal SYM and SUGRA is due to the perturbative
aspect with respect to energy which they are characterised by. The question of if
the theories yield finite results, and under what circumstances, has been central
to many an investigation [24,28,70-112]. While maximal SYM proved finite in
D < 4[79-81], maximal SUGRA has been a tougher nut to crack.

Investigations [70-75,89,95] have confirmed a SUGRA behaviour equal to
that of SYM for low-loop amplitudes, but pointed towards a first divergence in
D = 4 at 7 loops for the 4-point amplitude [97,98,101,(102], and with a subtlety,
not for the higher-point ones. The result of Paper IV points towards a cut-off of
the loop dependence, not only in a higher-than-seven loop sense, but also (and
only) for the 7-loop 4-point amplitude.

The coincidence is striking, but in need of verification, most prominently in
(or in relation to) a setting outside the pure spinor formalism. The situation has
been further analysed in Paper V, in addition reproducing the general ampli-
tude behaviour in the pure spinor setting, but the drawback of the too compact
formulation remains: what displays the results hides the commonplace inter-
pretation. It becomes difficult to establish key, controversial results as true.
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Part of the matter is that there ought not be two inequivalent, consistent
quantum theories with gravity. M-theory certainly is one, which implies D = 4
SUGRA to be ruled out. Perhaps a quotation from Niels Bohr is in place:

‘How wonderful that we have met with a paradox.
Now we have some hope of making progress.”

The first step of which is either to verify or discard the results of Paper IV-V.

Exceptional geometry

The second interesting research area is
— extending concepts into exceptional geometry to get at U-duality.

In this, the subject of Paper III is just a small part of a much larger process.
Exceptional geometry is SUGRA (D < 11) with a fibre bundle custom-made to
accommodate the U-duality usually hidden in D = 11 SUGRA, but visible in
terms of the string theory dualities. Due to the common origin of the theories,
and the certain limits the theories amount to, the latter can be analysed in terms
of the former. The process constitutes a way of capturing a property of M-theory,
and in extension represents a step towards constructing that very theory.

In exceptional geometry, it is the extended space that is of interest, encod-
ing the U-duality, and to exploit the construction the geometric approach must
be formulated in terms of it. To begin with, the Lie derivative is generalised,
which means that the precise meaning of the transformations of tensors must
be reinterpreted, etc., in combination with many other features of the geometric
formulation. This process is not yet altogether settled.

The theory constitutes a rather recent area of research, of increasing interest
these last years. It is a more general version of the established doubled geometry
[31,113-145], concerning a subset of U-duality: T-duality [146-148]. Both are
extended geometries.

Off-shell, maximal SYM

Last, and least, comes the example(s) applicable to off-shell maximal SYM. For
the purposes of this thesis, its pure spinor setting is mostly used as a point of ref-
erence for the maximal SUGRA examinations, since it constitutes a simpler yet
similar version. However, it can equally well be used for investigations within
SYM, for example in relation to

— constructing the pure spinor action for the D-brane Born-Infeld theory,

which was initialised in Paper III and continued in [149|150]. Such constructions
are, of course, made in the hopes of that the pure spinor formalism, through its
virtues, will shed more light on the properties connected to the areas of research.



4 Introduction

1.2 Thesis overview

With an attempt at some self-containment, this thesis will start out by introduc-
ing basic supersymmetry and superspace concepts, in chapter 2| Certain con-
ventions regarding notation and the supersymmetry algebra are to be found
there, as well as a slight discussion on the usage of flat (the setting of the pure
spinor formalism) or curved space, especially in the construction of SUGRA.

In chapter (3| the pure spinor formalism is introduced. The maximal SYM
and SUGRA component theories, not sporting off-shell supersymmetry, are pre-
sented with an explanation of how an extension to superspace lays the ground
for the introduction of the pure spinor. How the correct, off-shell maximal su-
persymmetry properties are captured is detailed, as well as how the component
theory shows up; a highly relevant check of consistency. Finally, the attributes
of the formalism are discussed. Another extensive review is to be found in [151].

Following this, the investigations of UV divergences in maximal SYM and
SUGRA are described. General procedures are set out in terms of SYM prior to a
review of the maximal SUGRA examinations, including the explicit calculations
for the 4-graviton amplitude, the counterterm approaches, and the pure spinor
formalism studies. In addition, the results of maximal SYM are described prior
to the analysis of the current situation in maximal SUGRA, with respect to the
UV divergences, for a thorough understanding of the principles involved.

Chapter |5 deals with exceptional geometry, beginning with U-duality and
how it is made manifest in SUGRA. The necessary reconsiderations of the ge-
ometric treatments are introduced in terms of doubled geometry, followed by
the exceptional, slightly more involved, extension. Moreover, the so far estab-
lished (extended) concepts within exceptional geometry are described, with
some analysis regarding applications and further areas of interest.

The final chapter constitutes a short comment on the general ideas behind
the type of research presented in the Papers, of the values of keeping properties
manifest as far as possible and the advantages thereof. It also contains a mention
of the Born-Infeld theory, so far as it will be presented.

Paper (contribution) overview

Concerning the Papers, the two last are wholly mine, as is most of Paper 1I,
barring the initial idea and the analysis of the algebraic properties of the non-
minimal variables, e.g. in connection to the projection operator in the gener-
alised regularisation. In the first Paper, I contributed to the calculations and
recognised the relations between the operators (essentially the A, base), en-
abling the identification of the abelian action, whereas I in Paper III helped with
the calculations in connection to the compatible (affine) connection, and took
part in the general discussions.
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1.3 Outlook

The two main lines of research presented in this thesis, the investigations of UV
divergences in maximal SUGRA and the development of exceptional geometry,
are very much subject to continued research. The former needs a consensus
with regard to what happens in four dimensions. The latter is at a relatively
initial stage, with every possibility of providing new information on M-theory
characteristics, etc.; the investigations of different properties that currently are
the objects of interest in the pure spinor formalisms remain to be addressed.

Finally, it is important not to forget the advantages of manifest symmetries,
or constructions which to various degrees aim at inherent and explicit formula-
tions, thereby facilitating research in general.






It is because simplicity and vastness are both beautiful that
we seek by preference simple facts and vast facts; that we take
delight, now in following the giant courses of the stars, now
in scrutinising with the microscope that prodigious smallness
which is also a vastness, and now in seeking in geological ages
the traces of a past that attracts us because of its remoteness.

Henri Poincaré

Supersymmetry basics

The incompatibility of quantum field theory and gravity in combination with
the desire for one fundamental theory for both, or rather the physics of the uni-
verse, calls for extra symmetries in the former. Although the basic principles of
quantum field theory have been discussed in terms of consistency in relation to
the firewall paradox of black holes, the theory remains our best description of
the so far observed physics, excepting gravity. Despite the mathematical beauty
called for in the Standard Model of particle physics, and issues with dark mat-
ter etc., the theory predicts experimental results uncannily well. Nevertheless,
in the search for an extension, the most promising candidate is supersymmetry
— also known from string theory, where gravity is caused by the string dynam-
ics.

In the setting of this thesis, the original field theory properties are retained
and central to the description. It is not necessary to limit the investigations to
tields — other options include e.g. strings and particles — but a field theory
description is both exhaustive and the natural choice of an extension.

2.1 Supersymmetry

Supersymmetry [152-154] is an additional symmetry of quantum field theory,
incorporating fermionic symmetry generators transforming under the Lorentz
algebra. Together with conformal’| symmetry, it represents the only spacetime
symmetry compatible with quantum field theory and the symmetries thereof:

'Invariant under local, angle-preserving transformations, e.g. including scale invariance.

7



8 Supersymmetry basics

the translationﬂ (P,) and Lorentz transformations (M,,,). Any other extension
(excepting internal symmetries in trivial combinations with the spacetime sym-
metries) fails to give a result consistent with Lorentz invariance, as stated by
the Coleman-Mandula theorem [155]. An attempt at extending quantum field
theory therefore naturally includes the introduction of supersymmetry.

The supersymmetry operators ((),) open up the possibility to alter the spin
and the statistics of a field. For example, an operator acting on some field ¢ with
spin j results in the following:

Qathj ~ U1 (2.1)

The description is that of how to turn fermions and bosons into one another, re-
lating matter particles (fermions) to force particles (bosons), in particular within
certain sets of superpartners. Through the introduction of supersymmetry in
quantum field theory, each particle of the original theory is assigned a super-
partner, representing the other half in the pair within which the supertransfor-
mations take place.

These properties still remain to be observed in nature; the predictions of at
which energy levels their presence might be detectable have yet to be verified.
There are hopes for positive results in relation to the experiments at the Large
Hadron Collider (LHC) at CERN, Switzerland, where the presence of super-
symmetry e.g. would result in additional Brout-Englert-Higgs (BEH) bosons
[156-158] to the one so far observed [159,160]. However, it is uncertain whether
it is possible to find superparticles at the energy levels of the LHC, or if they
would be recognised by the experiments, if indeed present. Regardless, the con-
struction is of theoretical value, although the question has been raised of its
practical use if, indeed, the energy levels at which it occurs are too high.

2.1.1 The supersymmetry algebra

The conjecture of a symmetry between fermions and bosons includes the sym-
metry being compatible with the symmetries of the original theory, and the op-
erators of it obeying an algebra compatible with the same. The anticommutators
of the fermionic creation (Q),,) and annihilation (Q;) operators, raising and low-
ering the spin, are required to give results in terms of the symmetry operators of
the theory. This is usually expressed in terms of flat space, where the anticom-
mutator of two supersymmetry operators must be expressible in the original
Poincaré algebra. This leaves but one choice of an algebra, up to a constant, the
only non-zero algebra component (among the anticommutators) of which is:

{QOU QL} = C’Yaa,gaa; & e C; (2.2)

*Note that in the conventions of this thesis and the Papers, bosonic indices are denoted by minus-
cules and fermionic by greek minuscules. (m...,x...) denote curved indices while the corresponding for
(a...,a...)is flat.
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with J, denoting the momenta, equivalently replaceable with F,, in total de-
scribing a general coordinate transformation. The convention in this thesis is
c = 2, although the variant of 2i is common outside the context of section
effectively that of Paper LIl and IV. In this setting of a real algebra, Q; = Q3.
The ensuing, total algebra goes by the name of super-Poincaré. When it
holds, it includes both supersymmetry and Lorentz symmetry. Moreover, under
certain conditions it can be extended to include several sets of supersymme-
try operators, obeying the supersymmetry algebra within each set (Q.) while
opening up for non-trivial relations otherwise. The algebra is then termed to be
N-extended, with N denoting the number of sets of supersymmetry operators.

Supersymmetry in curved space

A general setting of a supersymmetric theory is not restricted to flat space, as
the supersymmetry algebra given in the previous paragraph. Yet the discussion
of this thesis will be limited to just that, when not treating the D = 11 maximal
SUGRA component theory in a general setting; that is where the pure spinor
formalisms are formulated.

For SYM, this is a common choice. The dynamics does not depend explicitly
on the background, which merely enters in terms of the geometry, and so it is
suitable to investigate the perturbation theory in terms of flat space. Also, as
for most investigations, examinations with respect to supersymmetry are most
easily performed in the absence of curvature, and a good understanding of the
flat case is required for any attempt at a more extensive description. In curved
space, the known formulations containing supersymmetry are limited to certain
backgrounds.

For SUGRA, the choice of a certain background is limiting; the gravity fluc-
tuations are central to the theory. However, the pure spinor formulation ought
to be of value and feasible for other backgrounds. It is possible to note that
the restriction, in terms of the flat background of the pure spinor formalism,
really only concerns the topology — the diffeomorphisms’| are present in the for-
mulation. By their presence, the fields deform the geometry to include fluctu-
ations, despite the appearance of a flat background. Effectively, a background
invariance of the theory is implied, much like in string perturbation theory in
flat space, where there exist fluctuations in the perturbative degrees of free-
dom. However, the diffeomorphism symmetry in the SUGRA pure spinor for-
malism is comparable to the maximal supersymmetry in that it is not quite
manifest, compare section Both exist in terms of cohomolo and while
the diffeomorphisms seem to include what is necessary for background invari-

*Invertible function between smooth manifolds, with f and f~' smooth: preserving the differentiable
structure.
4For an explanation of this concept, turn to sectionm
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ance, strictly manifest diffeomorphisms (the geometrical interpretation in su-
perspace) have to be identified for the general statement.

Anyway, for the purposes of the Papers and this thesis, flat space is an excel-
lent setting for investigations.

2.2 Superspace

The introduction of the supersymmetry algebra by default extends the bosonic,
curved spacetime (2™) with fermionic components (6*), the total of which rep-
resents superspace, described by zM = (2™ 6#). The spinors of this space are
governed by the Clifford algebra, spanned by the irreducible representations
of the relevant Lie algebra, and a convenient notation for the tensors is that of
differential forms. The following section consists of a selection of superspace
concepts of value to the discussion in the following chapters.

The Clifford algebra and additional properties of the spinors

In D dimensions, the fermionic space consists of 2°/2 Dirac spinor compo-
nents, with the exponent rounded off to the closest (lower) integer and [z] in-
stead referring to the higher equivalent. Additional constraints are present in
some dimensions, sporting Majorana and/or Weyl spinors, reducing the num-
ber of components further.

The algebra of the spinors is that of the Clifford algebra, associated with the
Lorentz group, where the generating elements are the Dirac matrices 7"

"""} =201, (2.3)

with two (free) spinor indices implicit. In general, the algebra is complex, but
in a Majorana setting, valid in D = 2, 3, 4 mod 8§, it can be described in terms
of real components. It is then possible to set the spinors to be real, due to the
equivalence of the descriptions.

Likewise, in even dimensions the Weyl representation is valid, splitting the
Dirac matrices into two off-diagonal blocks described by the Weyl matrices ™
and ¢"™. The algebra then splits into two (in some sense) equivalent sets, result-
ing in the presence of two chiralities of the spinors, presenting dual descriptions
where one may be chosen consistently. Effectively, the degrees of freedom of the
spinors are reduced by half. However, the change of matrices in the formula-
tion, from Dirac to Weyl, will remain implicit in this thesis. Where applicable, v
denotes o.

Moreover, the Lie algebra is described by up to | D /2| antisymmetrised (Dirac
or Weyl) matrices, and only half of the | D/2]|-antisymmetrisation if D is even,
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e.g. presenting the way for how tensors are expanded in §*. The antisymmetri-
sations of (D — p) and p matrices are dual with respect to the encoded degrees
of freedom, with the presence/absence of the p indices filling the same function.

2.2.1 Differential forms

A useful notation of vectors, in various mathematical contexts, is that of dif-
terential forms. They are usually defined in a purely bosonic setting, but the
concepts can equally well be extended to fermions and used for objects on su-
perspace. However, when not otherwise specified, the bosonic form is what is
intended.

A differential form is (implicitly) coupled to the basis elements of the space
under consideration, which encode the properties of the form. In superspace,
with the local coordinates 2" = (2™, 6"), a general p-form is described by

1
Q(p) = _|dZMp N dZMp*l VAYRAN dZM1 QM1~--MP7 (24)
p:

where the form indices can be replaced by [M; ... M,) to explicitly denote the
symmetrisation of the bosonic and fermionic indices: antisymmetrisation be-
tween all indices except pairs of fermionic ones, which are symmetrised. This
follows from the properties of the wedge product:

M N __ dZN/\dZM> <M>N):(,U777)
S E { —dzV AdzM | otherwise ' (2.5)

It also represents a choice in that it sets the convention for what is incorporated
in the (anti-) symmetrisation of the tensor indices to

1
ApnBuy = 5(AnBy — AuBy). (2.6)

A quantity €2,,, implicitly has the indices antisymmetrised unless otherwise
specified, such as for the contraction of indices through 4, and 7,,, where the
indices are symmetrised. In addition, *{2(,) denotes the dual (D — p)-form.

The product of two forms is

QA Qy = —,dzMP cdMadeNe . deM (p K q) 31N, 200y (2.7)

(r+q) p

whereas contractions of indices are described by the interior product, for a vec-
tor:

1
ZXQ(p) = deMp VANRAN dZM2XMlQ[]V[1_._MP). (28)
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For example, the exterior derivative acts according to

dQ(p) = Q(p) A (i (2.9)
The ordering can however be simplified in a purely bosonic setting, due to the
absence of fermionic quantities in the forms.

2.2.2 Irreducible representations

As to the Lie algebra, the most convenient way to denote the irreducible rep-
resentations of the Lorentz group is by the highest weight Dynkin labels. The
standard enumeration is described by the Dynkin diagrams, e.g. [161]

D=10, Ds: 1%;43<: i (2.10a)

D=11, Bs: fﬁﬂ (2.10b)

)

both of which have Dynkin indices presented by a vector with five entries.
There, the first entry represents the number of constituent (bosonic) 1-forms
(symmetrised, but not contracted) etc. up to the third and fourth entry, respec-
tively. In D = 10 (00011) denotes a 4-form, because the fourth and fifth entries
correspond to the two different spinor chiralities, of which there is only one in
D = 11. In eq. (2.10a), the Weyl spinors are clearly visible. The 5-form is de-
noted by the value of 2 at the position of the spinor (of the chosen chirality). For
higher forms, the duality of n-forms and (D — n)-forms needs to be taken into
consideration. At most one spinor index is free; pairs are interpreted in terms of
projections into n-forms. In total, the consideration of constellations of indices
constitutes Lie group computations, with rearrangements of the spinor indices
given by the Fierz identities. For further details on that, look to the appendices
of the Papers.

Lie algebras & groups

Implicit in all this is that the symmetries are described in terms of Lie groups
and Lie algebras, the properties of which are presented in e.g. [161}162]. A de-
tailed analysis will not be performed here; but for the central concepts, look to
chapter |5 Due to the theme of that chapter — the extension of spacetime and
effectively a reformulation of the ordinary Lie algebra — e.g. the Lie deriva-
tive is best presented there, in relation to the change it is subject to in extended
geometry:.



2.2 Superspace 13

Young tableaux
A alternative way of displaying the form properties is through Young tableaux

where each square denotes a bosonic index, of which horizontal rows denote
symmetrisation and vertical antisymmetrisation. In the absence of the dots, the
Young tableau above corresponds to (11000) in terms of eq. (2.10). However, this
does not capture the presence of a free spinor index.

2.2.3 Torsion & curvature

While spacetime is described by a metric, the concept fails to strictly translate
into superspace. However, the superspace vielbein Fj*(z") provides map-
pings between different local reference frames, just as in spacetime, so that the
concepts of spacetime carry over to superspace, with an extension to the super-
space indices. The analogy holds, e.g. for the central concept of torsion.

Parallel transport along a curve may twist an initial reference frame. How is
defined by the torsion, given by the covariant exterior derivative acting on the
vielbein:

T4 = DE* =dE* + EB A Q% (2.11a)

with the 1-form spin connection €2 encoding curvature.
In flat space, this is reduced to

TA = dEA ~ [8A,8B} = —TABCaC : Tabc = O, (211b)

where the derivatives are required to be covariant. To fulfil this, the spinor
derivative must be altered, a procedure which will be addressed in the next
chapter. To be precise, the flat space is only required to have zero torsion in the
above specified sense.

The parallel transport is equally described by the affine connection I', show-
ing up in the covariant derivative (in a geometric setting) as

Dy~ Oy + Ty, (2.12)

with the affine connection representing a matrix (I'y,) ~°, where one of the ma-
trix indices gets contracted with the tensor the derivative acts on. As in ordinary
geometry, the curvature can be derived from this entity (I') as well as €2: [163]]

RAB = d,B 4+ Q4% AQ:P. (2.13)
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2.3 Supersymmetric gravity & Yang-Mills theories

At the introduction of supersymmetry, and hence the presence of spinors, the
supersymmetry operators play a central role. The number of them that act non-
trivially on states differ between theories. For the object of interest in this thesis,
maximal supersymmetry, the states are massless, obeying some Bogomol'nyi-
Prasad-Sommerfield (BPS) condition, which means that the type of multiplet
under consideration is short (BPS multiplets). Only half of the supersymmetry
operators are relevant for the supersymmetry transformations.

In this setting, the number of non-trivial supersymmetry operators equals
the degrees of freedom of the spinors (obeying the Dirac equation): half of the
initial amount of spinors (n,) set by the Clifford algebra [164]. For consistency in
the formation of superpartner pairs, the degrees of freedom of the bosons fur-
thermore must amount to the same number, a circumstance restricting the type
of theory under consideration to certain dimensions. In specific, this require-
ment — if fulfilled on-shell|— also holds off-shell provided the supersymmetry
algebra holds likewise. In Yang-Mills theory, with D = (d + 1), the bosonic de-
grees of freedom are given by (D — 2), while the corresponding count in gravity
is slightly more involved.

Regarding the maximal change of spin obtainable through the application
of the supersymmetry operators acting on a field or a particle, it is a quarter
of the non-trivial number of supersymmetry operators (ns/8), as half of that
number is constituted by creation operators, and the rest by annihilation oper-
ators, each yielding a change in spin of 1/2. Depending on the dimension and
the maximal spin of the theory under consideration, a different number of sets
of supersymmetry operators is required in order to fully capture the possible
transformations of the supersymmetrisation of the theory.

In Yang-Mills theory, constituting a gauge theory, the maximal spin is 1,
given by the presence of the photon. In the presence of gravity, however, the
maximal spin is 2, due to the graviton. Hence, the former theory is spanned by
4 creation and 4 annihilation operators, whereas the equivalent for the latter is
8, as illustrated in fig. No more supersymmetry operators can be fitted into
the theories.

2.3.1 N-extended supersymmetry theories

In many dimensions, there is room for more than one set of supersymmetry op-
erators in the theory, in total not surmounting the upper limit on their number,
set by the maximal spin. If a supersymmetry theory is extended in this way, it
is termed N-extended. For example D = 4 SUGRA can have up to N = 8§, with

®A theory is termed on-shell if the equations of motion are fulfilled, as opposed to off-shell.
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Figure 2.1: Spin step illustration. Effectively, there exists one creation and annihilation
operator for each step in spin when the theory is fully supersymmetric in the sense that
all possible spin states can be reached. The amount required differs between theories
of different maximal spin: Yang-Mills theory has a maximal spin of 1 and requires 8
operators to capture the full transition between the spin states of —1 and 1. Gravity
includes a maximal spin of 2 and a corresponding set of 16 supersymmetry operators.

the A's denoting different theories. At the point of A = 8, the number of super-
symmetry operators equals the maximum of 16 and maximal supersymmetry
is obtained. Importantly, not only does A/ = 8 in the sense of presenting maxi-
mal supersymmetry constitute the maximal value of N, but covers the full set
of spin transitions in the theory.

Maximal, N = 1 supersymmetry

Under certain conditions on the dimension of a theory, maximal supersym-
metry is obtained with a single set of supersymmetry operators. These the-
ories, with D = 10 in the case of Yang-Mills theory and D = 11 for SUGRA,
are especially interesting as they ‘encode’ lower dimensional, N-extended su-
persymmetric theories, for all AV, in that the dimensions can be compactified
and, through further procedures, the ensuing extended supersymmetry broken.
The (overall) properties observed in N' = 1 maximally supersymmetric theo-
ries therefore in some restricted senses (unbroken supersymmetry: in general)
limit what may be valid for those supersymmetric theories, e.g. in the sense of
providing perturbatively finite theories, see chapter @ By extension, they also
set the actual properties, although that requires extensive analyses. This makes
them especially interesting for diverse investigations, even more than what is
due to the crucial simplifications associated with maximal supersymmetry, de-
spite the fact that only broken supersymmetry is expected to be observed in
nature.






It is the harmony of the diverse parts, their symmetry, their happy balance;
in a word it is all that introduces order, all that gives unity, that permits us
to see clearly and to comprehend at once both the ensemble and the details.

Henri Poincaré

Maximal supersymmetry

The formulation of an action in gravity or Yang-Mills theory, in the presence
of maximal supersymmetry and with that symmetry as an inherent part of the
formalism, at present requires pure spinors. Without the introduction of such
spinors the theories formed out of the corresponding field contents are rep-
resented by (component) actions giving rise to supersymmetry variations that
only close on-shell.

This situation is unique to the maximally supersymmetric theories. The fol-
lowing chapter describes the formulation of the actions for maximal /' =1 SYM
and SUGRA, beginning with the properties of the component actions, the de-
sired equations of motion and how the on-shell theories are described in a su-
perspace formalism. It continues with how the pure spinor formalism is tailor-
made to fit the original, flat theories while allowing for off-shell maximal su-
persymmetry. Finally, the actions in the pure spinor formalisms are described
with respect to their inherent parts and distinctive features, including how the
characteristics correspond to those of the original theories, where applicable
(on-shell).

In total, the pure spinor formalism enables a powerful formulation, encoding
theories of lower dimension. In some respects, the identification of properties
inherent to the theory are facilitated. However, the dense formulation, where
component fields are reduced to parts of a series expansion of a single super-
tield, can be difficult to decipher in terms of the conventional component field
theory approach. In addition, the inherent maximal supersymmetry is perhaps
not to be termed manifest in SUGRA, as it is present as a part of the cohomology
rather than explicitly, see section [3.4.4}

17
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3.1 The component, maximally supersymmetric theories

The component actions of ' = 1 maximal SYM [1,2] and SUGRA [3-5] are

— L 10 _ 1 ab 1 a
o = ot / d flﬁtr( q Ll 5y Daw), (3.1a)
_L 1., /—— _ i mmnpq _ mnp wtw _
5 =00 / v [RM pq 1 o = Yy Da( 2 )i 6.1b)
V2 . V2 '
— %(wnvabcdnpwp 4 12wa7bc¢d)(H + H)abcd‘| - % CNHANH.

The first action, describing SYM, contains terms representing the Maxwell
Lagrangian and the Lagrangian for a massless Majorna—Weyl spinor, in the
presence of the gauge coupling parametet]l| gy of classical Yang-Mills theory.
In addition, the Lie algebra indices, with respect to which the trace is taken, are
implicit.

The second action, describing SUGRA, contains the terms belonging to a
graviton, a 3-form C,,,,, and a gravitino (the first three terms), with the grav-
itational constant x, followed by terms necessary for the supersymmetry to
be present. Depending on the conventional constant in eq. the end result
varies slightly, e.g. compare with [3,(165]. The present description follows from
a constant of 2, which is used in the pure spinor formalism.

Moreover, in contrast to theories with less supersymmetry, these actions can-
not be altered through an introduction of auxiliary fields G in the shape of ad-
ditional terms GG, which constitutes a frequent procedure to achieve off-shell
supersymmetry. In maximally supersymmetric theories, nothing can represent
such a field.

The field contents of the theories are

SY M : Ag,” (gauge field, spinor),

2
SUGRA : gun,Up,,Cimnp  (graviton, gravitino, 3-form), (3-2)

where the SYM fields take values in the Lie algebra. Of these, g,,, can be repre-
sented by the vielbein e,,* since

Imn = emaenbnab~ (33)

The remaining fields, such as the field strengths F' = dA+ AA Aand H = dC, as
well as the Ricci scalar, are constructed out of these fields. For example in SYM,

!The fields can also be set to incorporate gy s and its equivalent in SUGRA; a reinterpretation which
will not be performed here, or in relation to the pure spinor formalism.
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the additional components in the action are

Da:6a+Aa7

(3.4a)
Fp= 28[aA1€] + ([Aa, A4)) = 28[aA1€] + 1 ALAY,

where f1,, are the structure constants of the Lie algebraﬂ In SUGRA, the co-
variant derivative in contrast incorporates the Lorentz connection w(e), and the
short notation used in the action is

wmab — wmab(e) + Kmab7

1
Kmab = _(wm’)/bd]a - wa7m¢b + @Zjb'yadjm) + §wn'7mabnp¢pa
(3.4b)

1
~ n,
Wmab = Wmab — §wn’)/mab pwpa

~

Hypnpq = Himnpg + 3\/§¢[m%w¢q}'

The hatted quantities are supercovariant, i.e. at a local supersymmetry variation
of the fields, they do not contain a derivative 9,, acting on the supersymmetry

parameter; compare to eq. (3.6b).
The equations of motion of the SYM theory is

D F* — 1y =0,
(lD '(/J)oz =0,
easily obtainable at a variation of the fields. The first equation corresponds to

dA,: the equation of motion for the gauge field; the latter to J¢,. The SUGRA
equivalent for the graviton, the gravitino and the 3-form (in that order) is

(3.5a)

1 1 N A 1 .\ .
mn V) — = mn V) = — 4Hma CH abe _ 2 mnHa C Habcd
. V2 .
D@y — ™ (™ — 815y e = O, (3.50)
Fymnpq _ Q

Dm (@)H 5npqab0d”leabcdHijkl = 07

414!
although the ones most frequently encountered are the bosonic parts:

1 1 1
Rmn . mnR = a5 4Hma cll[nabC - mnH2

x10H —V2HNH = 0.

’The Lie algebra indices will be kept implicit from here on.
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3.1.1 The supersymmetry algebra of the component theory

The supersymmetry transformations turning bosonic and fermionic fields into
one another, essentially d. ~ €“(),, are limited to certain expressions by dimen-
sional properties, spin and statistics. Typically, the dimension of the variable x
is set to —1, so that the field strength has dimension 2 in SYM. With the same
convention, the dimension of C is set to zero in SUGRA, at which point the
dimensions of the other components follow from the action being dimension-
less. For example, an ordinary spinor variable such as ¢* is fermionic and of di-
mension —1/2. Moreover, the action being invariant under the supersymmetry
variations yields that they in SYM are restricted to the global transformations of

0cAy = E%%
(3.6a)
0 ¢ ab(’y 6)
whereas in the case of SUGRA, they are local: [3-5]
5eema = 267a¢m,
o ~ \/5 a0cC a C
dettny = Dm(@)e + 77 (9™ = 813,7"*") Hapeae, (3.6b)
3
5eCmnp = _EEV[mnwp} .

Here, it is possible to note that the identification 6,42 = D,,(&)y2 does not
match with an identification of (v D,,(@)i,)* = 0 for the equation of motion
for the gravitino, as is the case in [3]. For that, the coefficient in front of Hin
0.2 has to be purely imaginary.

The ensuing supersymmetry algebra is modulo gauge transformations, in
the case of SYM the local Lorentz transformation A ~ (ey%¢’) A,, with

[0, 6] Aq = —2(e7°€) Dy Ay + DA,
[0c, 010" = =2(e"€) D)™ + [, A] + f(e,€)* (D),

where [ is some function and J, has been set to (€Q) : [, 0] = —e*€P{Qq, Qs}-
The first term in each can be reinterpreted in terms of the Lie derivative, com-
pare to eq. (5.4). In SUGRA, (Vin)as = €m®(7a)as Needs to be identified through-
out the variations and the gauge transformation is A. The algebra itself is
slightly more complicated than in SYM, but follows the same pattern of

[6ea 56’] ~ 572(6"/0’6/) + 6A + 5EOM7 (37b)

where the equations of motion enter only for, and in relation to, the gravitino.
Importantly, the supersymmetry algebras only close on-shell, since the form
displayed in eq. only is achieved when eq. is fulfilled.

(3.7a)
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3.2 The superspace constructions of the on-shell theories

The failure of the component action (SYM or SUGRA) to describe off-shell, max-
imal supersymmetry leaves one possible way to achieve that very thing: a su-
perspace formulation of the theory. In order to treat the fermions and bosons in-
volved in the supersymmetry equally, a spinor variable §* (of dimension —1/2)
is included alongside z, and the fields are generalised to also carry spinor in-
dices. To capture the relevant component theory, the general fields in it (that
may be present in superspace) are considered and examined. With respect to
their properties, it is possible to provide a formulation describing the physics
of the component formalism, as will be outlined here. The equations of motion
correspond to those of eq. with the addition of one, which when imposed
brings about the rest through the Bianchi identities (BIs).

The procedure furnishes an on-shell theory equivalent to that of the (corre-
sponding) component action, and in SYM the maximal supersymmetry is re-
spected (present off-shell), but no action has been possible to construct in either
theory. The formulation thus remains incomplete; in examinations of the max-
imally supersymmetric theories, not only the presence of maximal supersym-
metry is crucial for a full analysis, but also the existence of an action respecting
the maximal super-Poincaré symmetry. However, in contrast to the component
theory, the superspace formulation can be used as a starting point for the con-
struction of a theory defined by an action respecting maximal super-Poincaré
symmetry; that of the pure spinor formalism, which is the subject of the next
section.

The superspace extension

The superspace formulation considers all possible fields belonging to a theory,
so that the 1-form in SYM is A4 = (A,, A,), the 2-form F4p, etc. The fields are
dependent on the superspace variables z* = (2™, 0") and the symmetry accom-
modated for by default is that of supersymmetry. In flat space, the form

Qo =00+ (1"0)a0a:  {Qa, R}t = 27540, (3.8)

of the supersymmetry operator sets the algebra to that of eq. (2.2), in contrast to
what is true in the component theory, where the result of (), acting on a field is
set by what can be expressed in terms of the fields of the theory. In superspace,
the maximal supersymmetry algebra always holds.

The superfield formulation has a few fundamental issues to begin with:

1. The spinor derivative does not map superfields into dittos: {Q,, 0.} # 0.

2. A redundancy of field components. For example, there are two different
1-forms in SYM. The situation in SUGRA is similar, with multiple fields



22 Maximal supersymmetry

filling the same function. The extra fields need to be removed for the theory
not to be degenerate, i.e. constraints need to be introduced.

3. The BIs must be respected by the changes brought about by (2).

4. The equations of motion must match the component theory. In this, an
alternative object of interest is the abeliarf|theory. Although incomplete, it
represents the starting point for the pure spinor formalism.

The first issue is remedied by replacing the spinor derivative d, (except for
in (),) with a covariant spinor derivative, D,:

Dy =00 —(70)a0s: {Qa,Ds} =0, {Ds, Dsg}=—2(7")ap0a, 3.9)

where the last entity in flat space sets the only non-zero torsion as specified by
eq. (2TTB).

The second one leads to a search for constraints on the fields compatible
with the third point. In particular, one such constraint (in SUGRA, a set of con-
straints) shows up which in the absence of curvature sets the Bls to be equiv-
alent to the equations of motion of the flat component theory of SYM and lin-
earised SUGRA. In addition, a second, separate set of constraints in SUGRA
likewise gives the full component theory in curved space. Each condition can
be identified to compose of two parts; one necessary for the Bls to hold, the
other interpretable as an equation of motion for one of the superfields unique
to superspace. It represents the only equation of motion necessary to consider,
as the Bls in its presence give rise to the rest.

3.2.1 The SYM superspace

In SYM, maximal supersymmetry in the A = 1 setting takes place in a D = 10
theory with Majorana-Weyl spinors. Consequently, the spinor space is split into
two dual chiralities with 16 degrees of freedom each, with Dirac matrices of
up to five antisymmetrised indices (and only half of the 5-form projection) as a
valid basis of the Lie algebra. The superspace is described by zM = (2™, 0*), and
the subsequent theory was recognised in [7,8,12].

The gauge theory has the gauge field A = E4A, (B4 = dzM Ey™) and its
2-form field strength F', with the BI DF' = 0, and is typically examined in flat
space, compare to section Moreover, the description is degenerate as it
contains two 1-forms, A, and the A/ in the series expansion of A,:

A = ca+ (07)ad, + ... (3.10)

one of which needs to be eliminated (expressed in terms of the other). The best
way to attempt this while respecting the Bls is through a condition on F, the part

*The free theory, also called linearised: no interactions present.
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which ought to be unphysical in the sense of the component theory aimed at:
that of dimension 1. Except for A,, there are no physical fields of that dimension,
and A, does not count as it does not transform homogeneously under Lorentz
transformations. So F, s better be zero.
As it turns out,
Fog=0 (3.11a)

in flat space not only respects the Bls, but ensures that they make up the equa-
tions of motion. That of dimension 3/2 is trivial, 2 describes the existence of
a spinor field, 5/2 the equation of motion of that field and 3 the BI of
the 2-dimensional field strength. Another covariant (spinor) derivative acting
on the spinor equation of motion gives the field equation for the vector field, a
procedure which when repeated yields a pattern: the result proportional to the
equations of motion, alternating, and any other information trivial. In this way,
the condition of eq. in flat superspace exactly corresponds to formulating
the on-shell component theory.
However, a softer condition, the conventional constraint [12,13]

(1) Fus = 0 (3.11b)

is consistent with the BIs. It sets A, to be a function of A,. Moreover, it defines
the full, flat superspace theory, with interactions, to consist of A, and 24 with
the equation of motion and subsequent gauge invariance:

(7°)*’D(oAg) =0, 0xAs = DoA. (3.12)

The flat superspace formulation thus (through the Bls) coincides with the com-
ponent theory when the equation of motion is fulfilled, corresponding to the
part of the theory desirable to describe that is known to be correct. Further-
more, global maximal supersymmetry is present as superfields transform into
superfields; it is given by Killing vectors on the background superspace. The
problem is that it is unclear how to formulate an action encoding the structure
without extending the superspace with the pure spinor.

3.2.2 The SUGRA superspace

In SUGRA, maximal supersymmetry in the A" = 1 setting occurs in D = 11. The
theory has symplectic spinors, making it convenient to (in flat space) consider
all spinor indices to be subscripts, and contracted through the antisymmetric
8. Order is of vital importance]] There are 32 fermionic degrees of freedom

*In this setting, a raised index (without further notation) strictly does not make any sense. The gravi-
ton vy, is best interpreted as ¥m,o, with P (connecting to the right) equal to Pm.ac®?. However, in a
discussion on both SYM and SUGRA, this difference will be implicit.
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with Dirac matrices of up to five antisymmetrised indices as a valid basis of the
Lie algebra, and the superspace is described by 2 = (2™, 6").

The theory of gravity consists of the superfields F),* (vielbein incorporating
en® and ¢5,) and Cyyp (3-form). Its degeneracy can be treated in two different
ways:

1. Through a supergeometric approach [4,5,9]. For two reasons, this con-
struction centres around the torsion 7'= DE“ and its BI [163]

A _ B A
—_ B 9 .
DTA=EBAR (3.13)

rather than the other fields initially present: R and C. Firstly, the BI for the
curvature R is encoded by the torsion equivalent. Secondly;, it is unneces-
sary to consider C'in order to capture the equations of motion through the
Bls. The field strength I shows up anyway, in the torsion and the curva-
ture.

To constrain the theory, the torsion therefore is the object of interest. The
condition which makes the Bls equivalent to the equations of motion of
the component theory is

Ta/gc = 2(’}/0)04/3, (314a)

as the only non-vanishing torsion component. A softer condition in rela-
tion to this also allows for the modules [10,[11},15]

T c FHH e , (3.14b)

which brings about the elimination of all fields unique to the superspace
formulation except for the y-traceless part of E,*. It represents the only
tield of interest, in the sense of A, in SYM, but in the presence of curvature.

Nevertheless, an action cannot be formulated from this. For that, the pres-
ence of C'is required, in contrast to what is true for the equations of motion.

2. Through an approach based on C [4,5], where the linearised theory is ob-
tained. While the superspace geometry usually enters the Bls of the 3-form
in the shape of torsion, complicating the third point of section this is
not the case in flat space, in the absence of interactions, where

Do Clays) =0 (3.15)

gives the on-shell, linearised component theory. Moreover, the constraint
can be softened into a conventional constraint, with the theory described
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by z* and C,4,, the field equation and gauge of which is [15]

He @3 E (3.16)

SACugy = DiaMgs) : = 0.

DiaCpys)

At this point, however, the formulation of the corresponding action is just
as problematic as in SYM.

In these constructions, both the geometric and 3-form superspace formulations
fail to provide maximal supersymmetry; that local structure is absent, compare
to section which is what is required, in contrast to what is true in SYM.
The main advantage of the reformulations is the compactness of the superspace
theories, each contained in a single superspace field through the conventional
constraints and the Bls, and the possible extension to the pure spinor formalism.

3.3 The pure spinor formalism construction

A closer look at the equations of motion and the gauge variations of the SYM
and SUGRA superspace formulations show a peculiar pattern. It is most easily
recognised for abelian SYM, where the condition on D, Ap) is that the 5-form
vanish on-shell. Off-shell, a 5-form current J,3 is allowed. In combination with
the gauge, this indicates a series of modules connected by a projection operator:

AB A, Ty (3.17)
with the projection symmetrising the indices into 5-form irreducible represen-
tations, while respecting the gauge invariance (and supersymmetry). Equiva-
lently (and more generally), the process can be regarded as symmetrising the
indices while removing the 1-form, effectively forcing D,Dg to zero (generat-
ing the gauge) and removing torsion components. Compared to the equation
of motion and gauge invariance, the fields in each module are physical only if
they are unconnected to the other modules. [12]

This pattern is visible in SUGRA as well. The linearised theory sports an
equation of motion where the 1-form projections of the indices are absent, i.e.
already set to zero by the conventional constraint, and similar restrictions apply
to the gauge. Meanwhile, the non-abelian theory contains a 1-form torsion on-
shell while (in addition) 2- and 5-form modules are present off-shell. As such,
the off-shell physics desirable to capture is centred around the symmetric mod-
ules of the irreducible representations that do not contain a 1-form.
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The wish for a reformulation of the superspace theory then naturally centres
around the projection operator encoding the physics, and it is the recognition
of it and the ensuing theory that gives rise to the pure spinor formalism. A
formalism characterised by a focus on the end properties being correct rather
than the procedure being conventional.

That said, the pure spinor was initially introduced as a means to provide
a super-Poincaré covariant quantisation of the ten-dimensional superstring in
[16]. The quantisation method was then applied to the scalar superparticle in
[20] to provide a simpler case for studies of the method, to better understand it.
It is this latter case which naturally represents the D = 10 maximal SYM theory.
However, for clarity in the context of maximal SYM and SUGRA, the primary
tfocus of this chapter, the pure spinor formalism will be presented as it figures
there, rather than as it once was identified. The superstring formulation will
merely be touched upon in the next section, to illustrate how the principles were
recognised and to give a better insight into the different pure spinor approaches
of the next chapter.

The formulation of the pure spinor formalism starts out with the recogni-
tion of that the addition of a pure spinor to the superspace makes it possible to
capture the properties of the projection operator through a Becchi-Rouet-Stora—
Tyutin (BRST) operator, with the theory (SYM or linearised SUGRA) possible to
be reinterpreted as a BRST formalism. The key property of this formulation is
the presence of an abelian action respecting maximal supersymmetry, see sec-
tion The second most important feature is that it represents a formula-
tion with a classically recognised extension to a theory of interactions in the
Batalin—Vilkovisky (BV) formalism [166}167]], respecting the same symmetries.
Moreover, through incorporating the properties of the interactions (observed in
each superspace theory) into the BV formalism, a specific part of the on-shell
formulation corresponds to that of the non-abelian component theory. In this
way, the introduction of the pure spinor furnishes a way to formulate a theory
of interactions, in terms of an action, respecting the super-Poincaré symmetry,
for both maximal SYM and SUGRA.

3.3.1 The covariant quantisation of the superstring

The Green-Schwarz action [168]], invariant under super-Poincaré symmetry, can
be quantised in a number of different ways, for example in the light-cone gauge.
With vanishing Ramond-Ramond (RR) field strengths, the Ramond-Neveu-
Schwarz (RNS) formalism [169,170] is another option, to which the Ramond
states can be added afterwards. Either way, it is impossible — at least so far
as is known — to keep the relevant (maximal) symmetries inherent to the de-
scription (with subsequent simplifications) without proceeding according to the
pure spinor formalism of [16]. The previously described situation in SYM and
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SUGRA, representing the low energy limits of open and closed superstrings,
naturally mirrors this setting.

The construction originates in an analysis of the situation in conformal gauge
investigated by Siegel [171] in comparison with other formulations, in an at-
tempt to keep the covariance of the first while obtaining a working formalism.
In specific, it is possible to observe a demand on the Lorentz current of the ver-
tex operatorf| for the massless open superstring conjectured by Siegel in order
for it to correspond to that of the gluon vertex operator of the RNS formalism.
An additional term N is required, providing a formulation encompassing the
two different quantisations. The properties of this term can be constructed out
of a pure spinor A%, as it will be described in the next section (N™" is composed
of \* and its derivative). In the presence of this additional, ghost variable, a
formalism with maximal supersymmetry is available. [16]

The recognition of the pure spinor makes it possible to define a new formal-
ism with vertex operators constrained to belong to the cohomology (of the same
ghost number as \) of a nilpotent operator [16]

Q= 74 (d2)A(2)da(2). (3.18)

with d, as the covariant string spinor derivative. The subsequent formalism,
checked for consistency in [17-19,121}22], contains (in an extended version) the
integrated vertex conjectured by Siegel and provides a way to compute scatter-
ing amplitudes. Meanwhile, all the desired symmetries remain inherent to the
formalism, regardless of the background, including curved ones with RR flux.
The trade-off for this efficient formulation is the visibility of what goes on in the
calculations, which is why the case of the scalar superparticle soon followed as
an illustrative example.

3.3.2 The BRST formalism — mimicking the free theory

The properties of the physical fields in abelian SYM (A,) and SUGRA (C,3,) can
be captured through the introduction of a bosonic spinor (of dimension —1/2)
obeying the condition [16,20]

A% A A =0, (3.19)

and thus henceforth being referred to as pure. The key point is that \> removes
the 1-form projection of the spinor indices it is attached to, in line with the ob-

> A vertex operator represents an emission of states from the world surface of a string. Effectively, it may
be interpreted as splitting one state into several others. For open strings, the only one present is the 3-point
vertex, by default termed unintegrated (simply the vertex). An integrated variant in addition describes the
propagation of one of the associated states.
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servations for the superspace theory. With this spinor, an operator

Q=\D, Q>0 (3.20)

can be formed and used to reformulate the theory in flat space in combination
with an alteration of the fields under consideration to

SYM: 1 =\"A4,, (3.21a)
SUGRA: = AN\ Cyp,. (3.21b)

The theories are then equally described, instead of by eq. (3.12) and (3.16), by

Qv =0, datb=QA. (3.22)

In this, the conventional constraints are fulfilled by default in the sense of the
entities falling out of the theory, compare to eq. (3.11) and (3.15). Torsion sim-
ilarly drops out, with exactly the right components retained for interactions in
SUGRA, although that is a comment running ahead of the discussion. In this
setting, the only field under consideration is v, with its BI captured by the nilpo-
tency of @ and an encoding of the component theory fields, see section [3.4.4} in
an abelian sense due to () constituting a linear operator.

By endowing the pure spinor with a ghost number (1) the nilpotent operator
() can be interpreted as a BRST operator and the theory as that of a BRST formu-
lation. Consequently, the physical fields matching the component theory have
ghost number zero and the field ¢ ghost number (1,3). Its dimension is (0, —3).
A general v is furthermore, in the BRST reinterpretation of the theory, consid-
ered to contain a general set of fields (of any ghost number different from zero)
apart from the contents of eq. (3.21). It then represents the pure spinor super-
tield, containing all possible ghosts and antifields while encoding the abelian
SYM and SUGRA theories at ghost number zero. [16,20]

The reinterpretation of the theory as described by a BRST formalism (natu-
rally abelian) gives the abelian pure spinor formalism, containing z3' = (2,0, \*)
and the superfield v, with the field equation of eq. (3.22). It is desirable as

1. The BRST operator () respects the supersymmetry present through

{Q,Qa} =0, (3.23)

in the same way as D, in the superspace formalism. It also encodes it (lo-
cally) as gauge symmetry, see section As a result, maximal super-
symmetry is present in the BRST formalism and the constructions based
on it, as long as gauge invariance is respected.
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2. The BRST formalism provides an action for the theory:

S~ / $Quldz), (3.24)

granted the existence of a working integral measure [dZ]. It stems from the
requirement of a variation d1 in the action to give a vanishing expression

on-shell, through the field equation displayed in eq. (3.22).

In combination, these two points yield the key feature of the pure spinor for-
malism: the action describes a theory (either SYM or SUGRA) where off-shell,
maximal supersymmetry has been realised. The problem of the BRST formalism
only describing the abelian theories is furthermore easily overcome due to the
existence of a natural extension to a theory of interactions: the BV formalism.

3.3.3 The BV formalism — extending to a theory of interactions

The extension of an abelian theory to a non-abelian setting, in consistency with
the gauge invariance, is typically not a trivial procedure. In classical field theory
it is dealt with through the BV (or antifield) formalism, where the BRST sym-
metry is central [166,[167]. Essentially, the BRST structure can consistently be
generalised to the BV one.

Both formalisms are characterised by a replacement of the symmetries of the
theory under consideration with a rigid symmetry. In the BRST formalism, the
BRST charge () is constructed to be nilpotent and respecting the symmetry
variations, and ghosts and antifields are introduced to that end as well as for
a full action (invariant under the BRST symmetry). In the BV formalism, de-
scribing interactions, the symmetry does not act linearly on the fields, but is
described by the generalised action, acting on fields through an antibracket:

SRF6LG 6RF 6EG

(F,G) = 5ga 3% 50% 6DA (3.252)

with R and L referring to the standard right and left derivatives. This illustrates
the classical case, where ghosts and antifields need to be introduced at the BV re-
formulation: ' and G are functionals of the fields and antifields (&4, ®*), with a
hidden dependence on z in the indices so that integration is included. However,
in the pure spinor formalism those fields are already present in 1), constituting
its own antifield — no more fields can be introduced. The generalisation from
the BRST formalism to the BV one then is restricted to a replacement of the BRST
charge (@) with the BV charge (S), acting through the only antibracket possible
to formulate (in the presence of one, single field) [29]:

0A OB
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In addition, a check on the component fields in the cohomology verifies this
construction as the correct one, compare to section [3.4.4]
The BV formalism describes the theory through

(S,) =0, da = (S,A), (3.26)

the first equation constituting the equation of motion and the second the gauge,
with a variation of the field: 6¢) = (.S,%). The identical terms are typical for BV
formalisms. Meanwhile, the nilpotency of the BRST symmetry translates into

(S,S) =0, (3.27)

which represents the master equation for the action, the requirement for the
theory to capture the interaction counterpart to the initial BRST formulation. It
sets the form of the action, in combination with the shape of the interactions
given by the superspace formulation.

3.3.4 The integral measure & the non-minimal superspace

For the BRST and BV formalisms to be valid, a working integral measure must
be present. It turns out to be difficult to construct such a non-degenerate entity
from the superspace variables (z%,6*,\*) alone. To begin with, the [dZ] must
have ghost number (—3,—7) and dimension (—6,—3) due to the shape of the
abelian action and the coupling constants of the component theories, which are
of dimension (—3, —9/2). The action itself is of course required to be dimension-
less and of ghost number zero. These criteria are not met by

[dzy] =dPzd"0 [d)\], n=(16,32), (3.28)

since an examination of the effects of the pure spinor constraint on the volume
form of the pure spinor gives [23,25}27]29]

(3,11) SYM

(o751 QO ..0y B1 ﬁj N
[AAJAY LAY =%T 5.5, AN AL ADA ,(z,j).{ (7.23) SUGRA

(3.29)

where T projects into the irreducible representations of (00003) for SYM and
(02003) for SUGRA, and j reflects the degrees of freedom of the pure spinor.
The integration over \ absorbs X\’ from the integrand, giving [dz,] the correct
ghost number, but it does not have the required dimensional properties. Nor
does an addition of a function of the variables help in this; the resulting mea-
sure would be degenerate, excluding most of ¢ by effectively chopping it off at
some point in the series expansion in §. Although there is a formulation with so-
called picture-changing operators which allows for the construction of a correct
integral measure [24], the most versatile option is to introduce new variables in
the spinor space.
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The non-minimal superspace contains Z4 = (2,0 \° r,, Ao ). In addition to
the pure spinor and the superspace variables, there are two counterparts to
(0,A\): (,X). The former is a fermionic spinor of ghost number 0, the latter a
bosonic spinor of ghost number —1. Both have dimension 1/2, and obey

(AYX) = (M%) =0, (3.30)

which results in that their (respective) degrees of freedom equal that of the pure
spinor. The advantage of the new set of variables is that

(AN A, -+ Ay = ¥y 0" dAs A A d A, (3.31a)
- - 0 0
= Aoy - Ag; kTN — 31
[dr] )\041 Aogz * Blu-,Bj arﬁl arﬁj ) (3 3 b)
with [dZ] presenting the right properties for the integral measure. [27]
However, the introduction of the non-minimal formalism has consequences
beyond the existence of a well-defined integral measure. Effectively, all fields
become dependent on the non-minimal variables, so to retain the physics, the
previous concept of cohomology must be interpreted as a subclass of the ex-
tended theory: [27]
Q= (D) + (rw), @*= % (3.32)
While incorporating the extended theory to its fullest, this allows for an extrac-
tion of the original theory, present in each cohomology class as independent
of the non-minimal variables. The desired properties remain, the theory is en-
larged with what is necessary, and finally it is reinterpreted from the subse-
quent point of view, in line with what previously has been described for the
pure spinor, the BRST and the BV formalisms.

3.3.5 The actions

The first term in the BV action is the abelian action in eq. (3.24). It represents a
natural starting point, the abelian theory, to which the correct interactions must
be added in compliance with the master equation. The remaining question is
how to add the interactions, expected to show as 3-point couplings (~ ¢*) and
possibly higher terms. In part, what goes into the action is limited by what is
possible to formulate, with the correct ghost and dimensional properties, in the
theory. However, it also has to capture the non-abelian physics disregarded at
the linearisation in section [3.2.2land 3.3.2.

The gauge theory

In SYM, to include interactions merely consists of the recognition of the theory
as similar to Chern-Simons theory. The fields are all part of the superfield 1,
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and the only possible additional term in the action is proportional to ¢*. The
subsequent BV action [16}20]

Ssvar = —— [dZ]tr(éwa " éw), (333)

9y m

with implicit Lie algebra indices on the superfield, obeys the master equation.
In that way the only BV extension of the abelian theory, consistent with the non-
abelian theory, has been identified. Since the BV extension classically yields the
correct interactions and symmetry invariance, this does as well.

Supergravity

The case of SUGRA is slightly more involved than that of SYM. While the ¢ built
from the 3-form C contains the linearised theory, the full superspace theory is
only obtainable from E,%, as outlined in section Therefore, with the action
to be formulated in flat space, there is an additional presence of E,” in the full
theory, and one more field than 1) needs to be considered as part of the pure
spinor BV formulation: the field ®* containing A\*E,* as one of its components
(the only minimal, of set ghost number). Naturally, ®“ is extended to contain
ghosts and antifields in the same manner as 1, but the property of E,* being
~-traceless translates into the equivalence

O~ &* 4 (M*p), p: any spinor (3.34)

for the field. Typically, this type of relation is referred to as a ‘shift symmetry’
[29,30,172,173], which constitutes a key concept in Paper I.

The presence of ¢ complicates matters, apart from presenting new oppor-
tunities at forming interaction terms in the BV action. There would seem to be
two pure spinor fields present in the theory. However, to a certain degree the
physics overlaps: the cohomology of 1 and ®“ are partially identical. Moreover,
the pure spinor field v is more fundamental (as indicated for the linearised the-
ory) in that ®° is expressible as [29]

P = R, (3.35)

with the recognition of a new operator in the theory:
R =17 (M A0 — 17 (M A) (M) (Mpea D) (3:362)
= 16772 (A PR A ) AW 1) (A d) (Meaew). '

where 7 = (AY®\)(AyaA). This operator represents the necessary addition to the
linearised theory in order to capture the interactions through a BV formulation.
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The BV 3-point coupling possible to form in the presence of R® is limited by
gauge invarianceﬂ ghost and dimensional properties to [29,30]

()‘P)/abA)wRawaw>

a term which at its introduction in the action by the master equation implies the
additional presence of a 4-point coupling. The unexpected property of this is
that with the introduction of a second operator [30]

T = 873 (™ ) () (1) (M), (3.36b)

the 4-point coupling can be formulated as the final part of the action: the master
equation is fulfilled. With no other possible terms in the action, it turns out to
be [29,30]:

Savons = 5 [182](50Qu-+ G0vu (1= JT0)ereury), 67

where it is possible to verify the correct encoding of the component theory in

terms of section

In total, eq. and describe the pure spinor formulation of maxi-
mal SYM and SUGRA. The actions provide theories with inherent, maximal
supersymmetry (present both on- and off-shell) and retainable interpretations
in terms of the component theories; the so desired reformulations of eq. (3.1).

3.4 Features of the pure spinor formalism

The pure spinor formalism calls for a reinterpretation of many concepts as well
as a recognition of the new features displayed, e.g. concerning BRST equiv-
alence, the procedure for gauge fixing and how to regularise divergent inte-
grands. Another integral feature is how the correct and desirable physics of the
maximal SYM and SUGRA theories shows up in the construction — as coho-
mology in the case of the component fields, and as gauge in the case of the
supersymmetry variations and the diffeomorphisms. Although powerful, the
pure spinor formulation complicates matters in that it shows neither supersym-
metry nor component fields explicitly.

3.4.1 BRST equivalence

The pure spinor formalism holds one key, novel property. The fact that any ex-
ternal state is on-shell and freely propagating (the only physical kind) brings

°A term ~ A\2®° is ruled out.
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with it that a calculation concerning them — effectively any calculation — only
is defined up to BRST equivalent terms. Considering how the solution to eq.
(3.22) remains unchanged under a transformation

fermionic scalar
1+ 1+{Q,x}, x: dimension0 , (3.38a)
ghost number — 1

provides the reason why: the extra terms do not affect the end result. Because
of this, alterations as in eq. can be performed in any expression, at any
time. This freedom of the theory constitutes a property known as BRST or Q-
equivalence, which is surprisingly useful. It is most known in the shape of the
special case of regulators

el@xt (3.38Db)

which are introduced frequently. The expression is especially versatile as it cap-
tures the entire series expansion of the exponential function. In addition, the
BRST equivalence constitutes a reminder of the (most likely) many equivalences
present in the pure spinor formalism, yet to be pinned down.

3.4.2 Gauge fixing

The standard way for gauge fixing in the BV formalism is that of introducing a
gauge fixing fermion x to eliminate the antifields. Through

. _ O
the physical quantities are set to be independent of the choice of gauge. How-
ever, this is not an option in the pure spinor formalism. The single field present,
the pure spinor superfield, contains both the fields and the antifields and ought
not be split, as previously mentioned at the extension of the BRST formalism
to the BV one. Instead, the process of gauge fixing is performed in a manner
borrowed from string theory.

In the pure spinor formalism, the Siegel gauge [174] for a scalar particle is
imitated through the introduction of a b-ghost figuring in the free propagator

b
and required to obey a condition
{Q,b}=0> = {bb} =0, (3.40b)

where the implied property should hold by default, at least in a @-equivalent
sense. In this setting, the choice of gauge is

bqvbon—shell = 0. (3 4OC)
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3.4.3 Singularities & general regularisations

Integration is only well-defined in the absence of divergencies. These ought not
arise at all, in a well-defined theory, but especially not from the presence of in-
troduced variables, such as (A, A, 7). With respect to this, the bosonic spinors are
troublesome, in the non-minimal formalism. Their presence in the integrands
threaten to cause divergences for both large and ‘small’ (), \), though only su-
perficially so, as regulators can be applied in the manner of the general regular-
isations to provide convergence.

The limit of infinity

The first type of divergence is the one most easily remedied. An introduction of
a regulator [27]]

el = [y = —\] = e M7 (3.41)

ensures a good convergence in the limit of infinity for (A, \): the divergence of
any polynomial in either is suppressed. At the same time, the regulator provides
a way to saturate the fermionic integrals [df] and the [dr] in eq. (3.31). This is
important for integrands containing fewer of the fermionic spinors than their
degrees of freedom, which are an integral part of the theory. An insensitivity to
those parts of an integrand on behalf of the integration would make the theory
void, which is perhaps most notable in the case of r, on which the minimal part
of the theory does not depend. However, it is equally important with respect
to 6. Without the option to saturate the fermionic integrals for the minimal in-
tegrands, key information would be disregarded and the theory would fail to
capture the physics of maximal SYM and SUGRA.

Singular subspaces

The second type of divergence is connected to singularities with respect to
(A, A), originating in that scalars of (A, \) may appear in the denominator of
an integrand. There are two kinds of such scalars: [27,29]

E=(N), n=M"N(MaA) ~ 0%, (3.42)

of which the latter only exists in SUGRA. Clearly, it carries a possible singular-
ity not only for small (), \), but also for a subspace where either (Ay®)) or its
counterpart (both o o) is zero separately from &. Despite this, it is convenient
to refer to the type of divergence in a manner relatable to SYM, which is why
the additional subspace is implicitly incorporated in the ‘limit of small (A, A)’ of
Paper IV.

Meanwhile, the integral measure contains

diadin UK Ao, i = (11,23), (3.43a)
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since the submanifold has real codimension 14 in SUGRA. Moreover, as [dZ]
extracts \” ~ o2 in SUGRA, compare to eq. (3.29), it behaves like:

(10,0) SYM

(22.11) SUGRA - (3.43)

[dZ] ~ &*de o'do, (K1) : {

An integrand is convergent (and an expression well-behaved) with respect
to the singularities if it contains less than (11,23) inverse { and 12 inverse o.
In addition, any divergent expression composed of well-behaved operators is
BRST equivalent to a convergent expression, since each part can be regularised
through the introduction of a new set of variables with a matching regulator
and integral measure [28], a procedure generalised to SUGRA in Paper II. As
each operator in the theories is well-behaved with respect to the singularities,
this means that any integrand can be regularised into convergence.

The regularisation removing the singularities has the key feature of intro-
ducing a new set (or any number of sets) of variables 2’4 = (2, f., g%, g.) which
make up counterparts to (A%, \,,0%,r,). Naturally, each set comes with its own
integral measure, and so removes a singularity corresponding to that of eq.
while a regulator converts variables of the old set into the new, and a
second regulator removes divergences with respect to large (f, f). The principle
follows

Oreg (A A) = / [de/Je—{@Ts} @AW +TVIO(\ 7). (3.44a)

with (W, V) representing gauge invariant operators acting on (A, r), and € a con-
stant. Implicitly, the regulators act on the operator and () has been extended by
the addition of 2/, much in the same way as when the non-minimal variables
were introduced, so that the first exponential represents a regulator with a func-
tion corresponding to that of eq. (3.41). In this way, what effectively takes place
is a change

0@}»~/Mﬂ@ﬂfﬁﬁm“ﬁwxx®:
=[N =L N = eI (3.44b)

:/ﬁﬂMHe”mXA%

with (W, W) as gauge invariant versions of (w,®). Effectively, part of the singu-
larities are ‘smeared out” in the manner of a heat kernel regularisation in quan-
tum mechanics. The procedure can be performed any number of times, each
increasing the tolerance by what was initially allowed for. [28]
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Regularising expressions

The general regularisations have one final thing in common: their existence
is crucial, but they are not performed in practice. Although the theory would
be divergent in their absence, once they are applied the analysis of an inte-
grand is severely complicated. Especially the regularisation of the singularities
is opaque, because once applied, the different sets of variables are related in
ways not explicitly captured by the formulation. The description as such be-
comes unnecessarily rigid. Due to these circumstances, regularisation is typi-
cally left off to the very last, merely figuring as an existing concept connected to
integration, which in practice is not performed. They take care of what needs to
be taken care of, end of story.

Important to note in this is that if an integrand under scrutiny contains parts,
in total divergent with respect to the singularities, which seem to combine into
zero by the properties of the variables subject to the regularisation (A, A, 6,7),
that zero is superficial. In order to actually examine such a part, enough of the
general regularisation for the expression to represent a convergent entityﬂ must
be considered. This is for example the situation in the examinations of the UV
divergences in the theories. There however, the complications brought about by
the general regularisation are utilised /dodged (as far as possible) by a reinter-
pretation of the new set of variables as loop variables.

A key feature is, however, that convergent parts of an integrand retain their
individual pre-regularisation properties during the procedure of regularisation.
All alterations are Q-exact, i.e. of the type in eq. (3.38a).

3.4.4 The relevant physics captured

The main feature of the pure spinor formalism is that the associated actions
respect maximal supersymmetry. This is achieved by construction: first through
requiring that the operators (anti)commute with the supersymmetry operator,
then by putting supersymmetry on an equal footing with the gauge symmetry
(pure spinor construction), and finally carried through by a restriction to gauge
invariant components in the theory.

Worthwhile to note in this is that gauge invariance with respect to the pure
spinor stipulate a dependence on w modulo (Ay")A;: A any 1-form. That is why
all pure spinor derivatives must show only in the combinations of

(Aw)  (M%w), (3.45)

usually denoted by N and N°. Expressions of other combinations may be gauge
invariant also, but are then possible to reformulate in terms of eq. (3.45), as
shown for R® in Paper IV.

"Note that the entity under discussion might be a very small fraction of the final integrand. The point
made is that any convergent part can be examined on its own, without loss of information.
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However, the first crucial verification in the pure spinor formalism is that
the relevant component theory is encoded. Provided that the field contents are
correct, the relevant equations of motions can be verified in relation to eq. ,
with a starting point in the field contents: the cohomology of v, also accommo-
dating the supersymmetry variations and the diffeomorphisms.

Cohomology & partition functions

In the BRST formalism, the physical fields show up as cohomology of . The
concept arises from the presence of a nilpotent operator (), appears as [175]

H? = Ker(Qp)/Im(Qp-1), (3.46)

and concerns different modules V,,, where the cohomology H? is the kernel of )
in V,, modulo the images from V),_;. Essentially, the solutions to eq. in the
presence of a field of general ghost number.

In the pure spinor formalism, the module of interest naturally is the one of
. Here, it is possible to check that the theory truly describes maximal SYM or
SUGRA — the component fields must reside in the cohomology. This is indeed
the case, as illustrated in table where the (minimal) cohomology of ¢ has
been solved for in the absence of a dependence on x. The equivalent of ¢ is
also displayed. As a physical field, it obeys the same equation of motion as
Y QP =0 or (S,9*) = 0 modulo gauge, and despite its carrying no original
information (®* = R*)), the cohomology is of interest e.g. at an analysis of the
non-abelian equations of motion.

A second way of checking the cohomology is through an examination of
why it is non-trivial, which in the case of () = A\D amounts to an examination of
the pure spinor, in specific the effects of the constraint, without which the coho-
mology would have stopped at a scalar. To this purpose, the object of interest is
the pure spinor partition function.

In their simplest shape, partition functions encode the number of states of a

quantum number (most commonly energy levels). For spinor components, this
looks like:

P(t)=1+) ct', (3.47)
=1

with |¢;| = dim(R,,) denoting the number of states for ¢ spinors, deductible by
the irreducible representations R,, they show up in. If the overall sign of the
term is negative, the complex is fermionic, and the initial constant represents
the bosonic state in the absence of any spinor whatsoever.

While a fermionic spinor component is described by (1 —¢) and a bosonic by
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g gh# 1 0 -1 -2
0 (00000)
! .« .
1 o  (10000) o
3 o (00001) e .
2 . . . .
5 . o (00010) o
3 . o  (10000) e
4 . . e (00000)

Table 3.1a: The zero-mode, minimal cohomology in ¢ for maximal SYM [20]. It repre-
sents the solutions to Q¢ = 0 (abelian field equation) modulo gauge, compare to eq.
(3-22), when the dependence on (z, A, r) of the field is disregarded, which is preferable
for a qualitative assessment of the cohomology. The superfield ¢/(Z) contains fields
beyond the superfield A, (of ghost number 0), fields of nonzero ghost number. The
contents can be displayed through a series expansion in (0%, \*):

¢0n—shell(97 )\) =c+ ()\’Yae)Aa + ()\’Yae)(QVaX) +...

The horizontal direction represents the expansion of the superfield in terms of ), that of
the vertical is # and \. The irreducible representations of the component fields are listed
with their Dynkin indices (compare to section [2.2.2) at positions describing their ghost
numbers and dimensions. For example, the spinor x* of ghost number 0 and dimension
3/2 in the series expansion above shows as (00001). This corresponds to a convention
for the chiralities with a lowered spinor index in (00010). Note that the spinor and
the gauge field of the component theory (ghost number 0) are present (x* ~ 1), with
the addition of the scalar c and the antifields. The latter mirror the properties of the
fields with respect to a slanting line (ne-sw) through the point (0.5,2) in the diagram.
Compare with the situation in SUGRA, table where ghost fields other than the
trivial ¢ show up.
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a4 gh# 3 2 1 0 -1 -2 -3 -4
im
-3 (00000)
-—g ° °
-2 ° (10000) °
-—% ° ° ° °
_ (01000)
1 * (10000) *
47% ° ° (00001) ° ° J
(00000)
0 ° ° ° (00100) ° ° °
(20000)
1 (00001)
= ° ° ° ° ° °
2 (10001)
1 ° ° ° ° ° ° ° °
% ° ° ° ° 228881; ° ° °
(00000)
2 ° ° ° ° (00100) ° ° °
(20000)
% i g o o ° (00001) ° °
(01000)
3 y * * ¢ (10000) *
% ° ° ° ° ° ° ° °
4 ° ° ° ° ° ° (10000) °
% ° ° ° ° ° ° ° °
5 ° ° ° ° ° . ° (00000)

Table 3.1b: The zero-mode, minimal cohomology in % for maximal SUGRA, following
the principles outlined in table [14]. Note the parts of zero ghost number: the 3-
form C, the (graviton) g(.s) = J(ap) + 17409 (both of dimension 0) and the (gravitino)
X% = X2 + c2(7%X) o (of dimension 1/2), with ¢; as some constants. Compare to eq. (3.2).
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I 0 1 9 -3 4
~1 | (10000)
-1 (00001) .
0 . (20000) .
1 (00001)
2 y (10001) ¢ *
(00010)
1 y (10000) ° ° *
3 ) ) (00001) ° ° )
2 (10001)
(00000)(00002)
2 . e (00100)(01000) . . .
(10000)(20000)
g [ ] [ ] [ ] [ ] [ ] [ ]
(00000)(00002)
3 . . . (00100)(01000) ® .
(10000)(20000)
, . . . (00001) . .
2 (10001)
(00010)
4 * * * * (10000) *
0 . . . . (00001) .
2 (10001)
5 o o o o (20000) o
u . . . . . (00001)
6 ° ° ° ° ° (10000)

Table 3.1c: The zero-mode, minimal cohomology in ®* = R%) in maximal SUGRA, fol-
lowing the principles outlined in table [14]. As the expansion there concerns A* A,
for the components of zero ghost number, here it concerns A E,*. In a comparison with
table note the presence of g, and xg, with the addition of the 4-form H of di-
mension 1. As ®¢ is not the fundamental field, some extra, ‘irrelevant’ components are
present, like the Weyl scalar, compare to [9].
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1/(1 —t), the pure spinor in SYM has [26]

11082 + 168 — 166> +10t° —® (1 +¢)(1+ 4t +¢%)

P@®) (1) TED

(3.48)

where the first expression describes the constraints on a bosonic spinor of 16
components, while its most simple form shows the presence of 11 bosonic de-
grees of freedom. The constraints represent a scalar (1), a vector (10) and a
spinor (16) with characters opposite to the ones displayed due to the fermionic
character of 1.

In total, the partition function provides information in unison with table
down to the accompanying number of ¢, if not A itself. This is also true
in SUGRA, although that is a more complicated case. Additional information,
compared with P(t), can be provided through the formal partition function
[26,176H178]

P(t) = é Rot". (3.49)

Equations of motion

In table3.1|the minimal field contents at ghost number zero of SYM and SUGRA
were identified to correspond to the component theories. In the zero-mode ab-
elian theory this corresponds to an identification of what is allowed in a series
expansion in (), #), while yielding a vanishing result when acted on by \*0,,
yet not constituting a product of that operator on another entity. The equations
of motion of the abelian theory are reconstructible, in a similar way, with an
extension to a dependence on z of the zero-mode components.

Take for example the A,(z) in maximal SYM. The equation of motion for that
part of the field gives a non-zero entity (AM°6)(Ay*0)0;, Ay possible to match with
A*0,, acting on (070 (A\v.0) . (not a gauge). The field equation then states the
existence of Fy;, ~ 0|, Ay in the abelian theory:

e MotA MOPF \NoPT
v N\ N\ v N\ (3.50)
QY: 0 N0*(F — 0A) N0Y(OF —T) 0

modulo constants (rescalings are possible). The entity A\26*0F can be matched
with a tensor T, but only in (11000) as the A'6° does not support the other ‘3-
index’ configurations: (00100) and (10000). Consequently, Q¢» = 0 at A?6* repre-
sents the BI J;, [} = 0 and the abelian equation of motion 9“F;, = 0. It also sets
T to the remaining OF, representing cohomology as the term at A!'6° in 1) is not
expressible as gauge. Finally, the chain stops as (Ay*6)(\7"0)9;,05 = 0.
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This illustrates the general mechanisms for how the Bls and the equations of
motion at ghost number zero show up. In the presence of interactions, the non-
linear action of the BV charge must be considered in terms of (.5,v), rendering
the procedure more delicate in terms of gauge, etc. In SYM, this translates to

QY +1* =0, (3.51a)

with e.g. dA + A A A to be matched by F. Considering the hidden Lie indices
in the equation of motion, the zero-mode cohomology and the abelian situation
described above, this is quite apparently fulfilled. The A in Qv shows up at
A?0% and the part at the same expansion in ¢? is A% At A\26*, where the BI and
the equation of motion of F' were recognised, additional terms show up from
the \'6? in ¢ (with a total of x?) and the combination of the terms at A\'6' and
A3 (AF), in unison with the equation of motion for the gauge field in eq. (3.5a),
concerning OF + AF — x? in (10000).

A similar check can be done for the spinor, both of which can be extended
to a thorough examination. Naturally, the cohomology changes not only with
the introduction of a dependence on z, but also with the generalisation to in-
teractions. At a qualitative assessment, however, it is possible to check what
the non-abelian cohomologyﬁ accommodates for in terms of the (zero-mode)
abelian situation, as the latter is contained in the former and further corrections
show up at a higher order in terms of the number of fields incorporated.

In SUGRA, in a comparison with eq. (3.5b)), it is simplest to look to the grav-
itino and the field strength. With x at A*0* in ¢, 9y shows up at A*6° in Q. The
BV equation of motion in a minimal setting,

QU + (Myap\) 22" = 0, (3.51b)

then shows the presence of additional terms at A*6° through the zero-mode co-
homology of ®. The contributions from the ghost number zero components
reside at \'0° and \'6?, yielding xH and accommodating for dx + xH = 0. In
terms of the field strength, 0H ~ 9?C sits at \*¢° in Qv with interaction addi-
tions in terms of zero-mode cohomology only from M6 in ®: H?, consistent
with 0H + H? = 0. The further components in terms of eq. (3.4b), e.g. a general-
isation to [/ ~ H + x?, ought to show up in a further analysis of the non-abelian
cohomology in @, e.g. of what sits at \'6°.

Consequently, the zero-mode cohomology in table [3.1|is in accordance with
equations of motion matching eq. (3.5). It provides the possibility to confirm the
correctness of the embedding of the component theories at ghost number zero
in the minimal setting; the feature contained by construction. Strictly speaking,

8Cohomology is generally used in terms of a nilpotent operator acting linearly on fields. However,
the BV charge is a concept extended from this, acting consistently in a nilpotent way albeit non-linearly,
presenting a cohomology in a non-abelian sense. This is what is referred to here.
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though, what is contained in A, etc. of the pure spinor formalism is not quite
restricted to the component theory entities. Much like the operators of Paper I,
they fill the correct niche but might be just a bit more general than that.

Supersymmetry and diffeomorphisms in the pure spinor formalism

The maximal supersymmetry figures in two different ways in the pure spinor
formalism, depending on the theory. In SYM, the fact that the covariant spinor
derivative commutes with the supersymmetry operator makes the entire con-
struction invariant under the supersymmetry; Killing vectors on the background
give the global maximal supersymmetry.

Anyhow, it is possible to see the equivalence of a field and its variation in
the cohomology. A field redefinition

Ay~ Ay + (67aX), (3.52)

is allowed, with any coefficient and spinor Yy, as long as the correct dimension,
spin and statistics are demonstrated by the extra term and no further depen-
dence on (), 0) exists. Under these conditions, the term exists as cohomology
and is equivalent to A,, representing a gauge, though not in terms of QA. It
is an extra symmetry accommodated for. Note that the supersymmetry varia-
tions are equally observable through 6.1/, which is no surprise, as ' = ¢ + 6.9
is a superfield, just as 1. With §. = €@, this exactly reproduces the structure
in eq. (3.6a): J. encode dimension etc. by (), ), same as Q; except for the pure
and the infinitesimal spinors, the difference is the sign in front of the 0. For ex-
ample in the zero-mode cohomology, x at A'6? is brought down to A'6', where
A, is, by €*0,, with the element at A'0" in ¢ + d.¢ as the right hand side of eq.
(3.52). The option of a general, real coefficient corresponds to the cohomology
accommodating any real supersymmetry algebra. At a rescaling of ), the min-
imal Q undergoes the same redefinition through eq. (3.9), but remains nilpotent.
Consequently, any real, maximal supersymmetry algebra is respected in the for-
malism.

In SUGRA, the supersymmetry is local, and the variations only present in
terms of the field redefinitions, e.g. for the 3-form as

Cape = Cape + (Ey[ach])v (353)

under the conditions already mentioned in connection to SYM. Just as there,
they correspond to eq. (3.6b) and can be analysed in terms of d.¢, etc. In addi-
tion, the same type of equivalence allows for

(A303) e (%) &2 (A3O3)™ P (), (3.54)

i.e. a change of the supervielbein from one smooth manifold to another, describ-
ing diffeomorphisms. As all indices are contracted, the pure spinor formulation
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is insensitive to the alteration. Contrary to what is true in SYM, the diffeomor-
phisms change the fields, which are background dependent, and in this way
background invariance is implied in SUGRA, despite an initial formulation on
a flat background. As noted in section a presence of the soft condition
torsion modules in eq. is captured.

The important point is that the maximal supersymmetry of SUGRA is present
in the cohomology: respected by the formulation, which also goes for the dif-
feomorphism symmetry. They are inherent in the formalism, but not explicitly
so — the equivalence classes are a rather circumvent feature, bundled up with
gauge symmetries etc., so that the symmetries are just short of manifest, a con-
cept used a bit too liberally in Paper Il and IV. In fact, even the matter of manifest
supersymmetry in SYM can be questioned in terms of the general regularisa-
tions and the subsequent dependence on ¢ (in an equivalence class). That action
does, however, present manifest supersymmetry. Compare to the discussion in
chapter[6} any advantage is best taken care of. At present, the importance of the
pure spinor formalism lies in it constituting the only known way of describing
an action respecting maximal supersymmetry. How to achieve a formulation
with it present explicitly is another thing entirely: completely unknown, as well
as the possible benefits thereof. Be it SYM or SUGRA, in terms of explicitness,
the -equivalence falls short of what might be wished for.

Interestingly, the structure in SYM and linearised SUGRA is present already
in the superspace formulation. The pure spinors merely encode the symmetry
properties.

Discerning properties in terms of the component theory

The opaqueness of the pure spinor formalism with respect to the symmetries
has an equivalent concerning the fields of the theory. They show up in a series
expansion of the pure spinor superfield, and are in many ways best left alone
there. Any attempt at tracking a part of the field v, or extracting it from calcula-
tions, will prove troublesome; a feature especially regrettable when it comes to
comparisons between the pure spinor formalism and other approaches, as will
be illustrated in the next chapter.

However, when left alone, the sheer compactness of the theory is what makes
it so attractive. In many ways it simplifies the observation of properties, which
is a key feature in Paper I, II and IV. Compared, for example, to the examina-
tions of the UV divergences in SYM, the corresponding procedure in the pure
spinor formalism is remarkably straightforward.






The known is finite, the unknown infinite; intellectually
we stand on an islet in the midst of an illimitable ocean
of inexplicability. Our business in every generation is to
reclaim a little more land, to add something to the extent
and the solidity of our possessions.

Thomas Huxley

Ultraviolet divergences

The theories of SYM and SUGRA describe interactions, and it is natural to won-
der at what those look like. Key features can be illustrated and analysed in terms
of ‘super-Feynman rules” and amplitude diagrams; a process possible to fashion
in a number of ways, e.g. through the use of the pure spinor actions in maxi-
mal SYM and SUGRA. Importantly, the search connected to the supersymmetric
theories does not end at the actions, for what they contain is the true object of
interest.

Integral to any examination of these theories, representing low energy lim-
its, is whether or not the results are perturbatively finite. Ideally, perturbative
tiniteness is provided by default in a formulation. In its absence, it is either nec-
essary to consider non-perturbative treatments, or to restrict the examinations
to areas where perturbative finiteness is ensured, for accurate results. In this,
the dimension of four is of special relevance, as it represents the type of theory
directly related to our experienced reality; what is desirable to describe.

Regarding the maximally supersymmetric theories, perturbative finiteness
has been a subject of interest for quite some time. The issue can be divided
into two categories: the ultraviolet (UV) and the infrared (IR) regimes, where
the theories may threaten to diverge. In specific, it concerns the integrations
over free momenta (corresponding to x) present in loop amplitudes as loop mo-
menta, and the ensuing dependence on the momentum cut-off. However, the
IR divergences are comparatively well-known [179-193] and possible to reg-
ularise through restoring the momentum dependence of the amplitude dia-
grams [91}/194], as only diagrams independent of the momenta display IR di-
vergences. Therefore, the subject of this chapter is the UV divergences.

47
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The UV divergences in maximal SYM have long been well-known [79-81].
The theory is perturbatively finite in up to four dimensions, and as such con-
stitutes a very well-behaved theory, for the purposes of investigations related
to the physical world. The situation in maximal SUGRA is more complex, quite
unsurprisingly considering the fundamental differences between the two theo-
ries. In general, SYM at best is a guideline for what happens in SUGRA, though
usually a highly important one. The UV divergences in maximal SYM provide a
general understanding for what to expect in maximal SUGRA — a dependence
on the number of loops present, and the dimension of the theory under con-
sideration. The higher either of those is, the more divergent the corresponding
amplitude diagram. The SYM investigations also provide the groundwork for
some of the examinations of the SUGRA equivalent.

The UV divergences in maximal SUGRA still remain to be determined in
full. The final result may range anywhere between that of SYM and a theory
convergent in up to two dimensions; the first limit arises naturally as SYM is
part of SUGRA, and the second, since the theory of gravity in two dimensions
is trivial. The key question is what happens in four dimensions.

In fact, maximal SUGRA is not expected to prove finite in D = 4. That would
correspond to the theory constituting a well-defined quantum theory, on its
own. The same is expected for M-theory, and the presence of two consistent,
inequivalent field theories would present a strange situation. It is currently sup-
posed that maximal SUGRA needs to be altered in some way, through taking a
non-perturbative treatment of the underlying (M-)theory into account, for it to
make sense. The ongoing investigations of V' = 8, D = 4 SUGRA points towards
a first possible divergence at 7 loops, but the results of Paper IV and V in addi-
tion show a removal of the divergent terms at and above 7 loops. Due to this,
there is a possibility of perturbative finiteness in D = 4, which warrants further
investigations. The situation is highly interesting.

This chapter starts out from the UV divergences in maximal SYM; the associ-
ated general methods and features are described in order to facilitate the out-
line of the situation in maximal SUGRA. The subsequent presentation of the
investigations in maximal SUGRA, past and present, includes an outline of the
general investigations using counterterms, the explicit calculations which are
performed for the four-graviton amplitude, and the investigations based on the
pure spinor formalism. Finally, the current results are summarised.

4.1 Maximally supersymmetric Yang—Mills theory

Maximal SYM is perturbatively finite in D < 4, as first proven in [79-81], and
the means to get to the proofs adequately illustrate the key properties of the UV
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divergences in the maximally supersymmetric theories; the effects of a restric-
tion on a finite, non-perturbative theory. They are visible as a dependence of
the amplitude diagrams on the momentum cut-off, and are at times superficial
in that they cancel out due to symmetry properties. Some cases are perturba-
tively finite, others not. In determining which are which, the starting point is in
the generalisation of what takes place in ordinary space; the situation of quan-
tum field theory naturally provides a basis for the workings of the superfield
theories. There, the divergences are described in terms of counterterms.

Counterterms

So-called counterterms occur in quantum field theory as local, physical opera-
tors that are products of the procedure of renormalisation — one of the ways to
remove the UV divergences of a theory. They constitute the extra terms in the
renormalised action (compared to the initial one) that appear as the convergent
and divergent terms are separated. In this, the counterterms represent the di-
vergent parts of the theory: one type of divergence for each counterterm. The
renormalised perturbation theory includes Feynman rules with counterterms,
but the divergences can be suppressed through an alteration of the coefficients
in the counterterms. The procedure is especially suitable for analysing and re-
moving the superficial UV divergences of multi-loop diagrams. [164]

In the supersymmetric theories, the concept of counterterms is simply ex-
tended to the supersymmetric setting, by default connected to the UV diver-
gences in the loop amplitudes in the same way as is the case in ordinary quan-
tum field theory. However, a theory cannot be altered into finiteness. Instead,
the relevance of the counterterms lies in the identification of the perturbative
behaviour of a theory. The object of interest in the analysis of whether a theory
is perturbatively finite or not is the set of counterterms that may be formulated
non-trivially in it, as that equals an identification of the unavoidable UV diver-
gences. If no such counterterms can be formulated, the theory is perturbatively
finite. In a step-by-step approach, each type of diagram is proven perturbatively
finite through a proof of the absence of counterterms.

Miraculous cancellations

A typical trait of the supersymmetric theories is unexpected cancellations among
the UV divergences. Some UV divergences that initially might be considered
unavoidable because of a presence of befitting counterterms in a context anal-
ogous to quantum field theory, simply vanish in the superfield perturbation
theory. This is e.g. the case in the Wess—Zumino model [195-197|], which con-
tains no mass or interaction counterterms. The simplifications are caused by the
supersymmetry present in the theories, making it integral to keep the super-
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symmetry as a natural part of the formulation during investigations. Without it,
a loss of predictability occurs, or at least, predictions are rendered more difficult
by far. This is doubly true for maximally supersymmetric theories, constrained
by ‘extra’ symmetries as far as possible.

Utilising the symmetries

Since it is of interest to keep as many as possible of the symmetries of a theory
manifest during investigations, for maximal simplicity, in (flat) maximal SYM
the super-Poincaré symmetry preferably should be an inherent part of the for-
mulation. Moreover, for an overall proof, an action is required. In its presence,
e.g. the equivalent of Feynman rules can be identifies and utilised, to all order
of perturbation theory. In the absence of an action, the divergences need to be
addressed order by order.

However, there is no action for any maximally supersymmetric theory with
strictly manifest maximal supersymmetry. More importantly, at the time of the
maximal SYM proof of perturbative finiteness in D < 4, even an action with
nearly manifest maximal supersymmetry (as provided by the pure spinor for-
malism) remained to be formulated. Consequently, the only way to get to an
overall proof was to keep as much of the symmetry as possible.

In [79-81], for the proof of perturbative finiteness in D = 4 maximal SYM,
manifest Lorentz symmetry was abandoned for the presence of maximal su-
persymmetry, in line with or perhaps as additional proof of the statement in the
section on miraculous cancellations: that of the supersymmetry to be the central
piece in the puzzle. The proofs were performed in two different ways:

e In [79/80], the light-cone frame was used for the formulation of an action,
with the subsequent amplitudes given by supergraph Feynman rules in
a certain gauge, where the amplitudes could be proven finite (to any or-
der of perturbation theory) through a power counting of the constituent
momenta. The gauge invariance of the UV divergences (by them being a
product of on-shell external states) then set the theory to be finite.

e In [81], the N' =4, D = 4 theory was captured through an N' = 2 SYM
theory coupled to an N = 2 matter theory in the adjoint representation.
In that setting, the non-renormalisation theorem (limiting how renormal-
isation can change a theory) set the UV divergences originating in two
loops or more to correspond to gauge invariant functionals of the back-
ground fields, which by symmetry properties vanish. In addition, conver-
gence was shown for the 1-loop structures. Consequently, no non-trivial
counterterms existed, yielding a finite theory.

From this, finiteness in the dimensions lower than four is given by default.
However, D = 4 also represents the upper limit on the perturbative finiteness
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of maximal SYM. In D = 5, the theory is UV divergent, as conjectured in [85]
and shown in [86], both approaches which are quite different from the ones just
presented. The latter uses harmonic superspace [198] whereas the former is a
unitarity method developed for the examination of the maximal D = 4 SUGRA
theory, though based on SYM investigations [84,85}100,/106,107].

The methods of investigation relevant for the UV divergences in maximal
SYM that have been developed since the D = 4 proof will be described in more
detail in the following section on maximal SUGRA, apart from the one in [86].
This includes, besides the unitarity method, approaches based on the pure spinor
formalism, which are equally applicable to the maximal SYM and SUGRA the-
ories. In the detailed situation in maximal SYM now to be addressed, the in-
clusion of the pure spinor results e.g. is relevant in a comparison with SUGRA.
Partly, it also helps in establishing the relevance of the results (as they are in ac-
cordance with the results produced by other means) and partly in that the pure
spinor results in some ways are more specific than that.

4.1.1 Factors influencing the UV behaviour of the amplitudes

The limit on maximal SYM for perturbative finiteness, [79-81]
D <4, (4.1a)

can be specified in more detail with respect to different amplitude diagrams,
or parts thereof. Naturally, a general statement concerns all possible amplitude
diagrams involved, but in understanding the nature of the UV divergences, it is
equally important to note how they arise. This is doubly true in a comparison
with SUGRA; in order to specify the overall UV behaviour, it is necessary to
identify the factors that determine it, and how they do so.

The loop dependence

The most obvious factor contributing to the UV divergences of an amplitude
diagram is the number of loops present in it. An amplitude with no loops is
convergent in any dimension, while perturbatively finite in the presence of L
loops if [78,185,80]

D <38 L=1,

6 4.1b

The overall constraint on the maximal SYM theory in eq. (4.1a)) is here due to the
open limit of L — oo. For separate amplitudes, the higher the number of loops
present, the more severe the constraint on the dimension. The first divergence
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NG b)
\

Figure 4.1: A one-particle irreducible 2-point connection to a loop structure (a) and
the by default (if allowed by loop integration) accompanying one-particle reducible 2-
point connection (b). The cut indicated divides the diagram in (b) into two separate
one-particle irreducible parts, impossible to divide further (non-trivially) by a single
cut. The subsequent tree diagram part in (b) could equally be replaced with a second
loop structure mirroring the first, provided no more connections exist between the two.

in five dimensions occurs for the 6-loop diagram, as stated in [86], and explicitly
calculated in [107].

The limits originate in the power of the momentum cut-off being required to
be negative:

APE8L « 1 L=1,

4.1c
ADL—4L—6 << 1 L > 1’ ( )

where DL shows up by default due to the integration over D loop momenta
in each loop. Effectively, this means that the higher the dimension, the more
divergent the theory (or less convergent, when the requirements are fulfilled).
The same also goes for an increase in the number of loops under consideration.

The relevant parts of an amplitude diagram

Most investigations are performed for the 4-point amplitude: a completely gen-
eral set of amplitude diagrams, with four external particles. This represents the
lowest number of external particles that may be present, since tree diagrams
naturally have this lower limifl| and loop diagrams are required to be charac-
terised similarly, by the non-renormalisation theorem, for finiteness. Their van-
ishing is typically confirmed separately in each setting for the investigations of
the amplitudes, for example as in [24, 104]. Moreover, the general n-point am-
plitudes are not expected to behave any worse than the 4-point versions. As for
the absence of the lowest n-point diagrams, the arguments for this take different
shapes in different settings.

A general amplitude diagram can be divided into one-particle irreducible
parts, as illustrated in fig. In this setting, the requirement of four external
particles is not to be confused with the required connections to a one-particle
irreducible subset of the amplitude diagram. Naturally, any overall number of

'Simply a 3-point vertex between external particles (on-shell) is trivial.
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legs free to connect to a diagram may do so in any configuration, e.g. as illus-
trated in fig. but the different parts thereof are separate. In the one-particle
irreducible setting, the absolute lower bound for an n-point (strictly speaking:
part of a) diagram is 2 instead of 4. The former allows for the latter|through ver-
tices external to the one-particle irreducible loop structure, while avoiding the
total derivative a single propagator would constitute on the expression, thereby
representing a valid, non-trivial entity.

A somewhat subtle point, and the reason for considering one-particle irre-
ducible loop structures, is that the UV divergences of those parts of an ampli-
tude diagram are independent of one another. This is observed in general for
maximal SUGRA, but is perhaps most obvious in a pure spinor approach. The
loop momenta shared between different loops is what sets the UV divergences,
and loop momenta are not shared between one-particle irreducible subsets of
a diagram. As such, amplitude diagrams may be split into their one-particle
irreducible parts before an analysis of the subsequent UV divergences, and a
diagram does not diverge any more than what is set by the worst behaved one-
particle irreducible part of it.

The UV behaviour of the one-particle irreducible parts of an amplitude diagram

For a one-particle irreducible loop structure, the number of loops is not the only
factor that sets the UV divergence. When the number of legs (j) connected to
it is considered, it is possible to observe that the UV behaviour changes to the
better for higher j. It is most commonly noted e.g. for the 4-point 3- and 4-loop
amplitude diagrams of one single one-particle irreducible loop structure that,
depending on the configuration of the loops, demand different minimum js.
The result is that the UV divergences differ between the different configura-
tions. In Paper IV and V, this was mentioned and the conditions for finiteness
for such a part implied to alter from eq. into

D < 2j L=1 4<j<10,
D<8+2[‘%-‘ L=1 j > 10,

D<6+# 1<L<3 L+j<T, (4.1d)
D<4+% L>5 2L +j > 12,

D <4+w otherwise,

>And the latter is required through varying properties, e.g. in the pure spinor formalism for the inte-
gration over the fermionic variables to be non-zero (additional terms required), as noted in [[104].
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with additional conditions: j > 4 for L =2, j >3 for L=3and j > 2 for L > 4.
That is, in the 3-loop 4-point amplitude diagram, there are two types of configu-
rations with 3-loop one-particle irreducible structures, different with respect to
their UV divergences: the 4-point and 3-point diagram parts. The first is pertur-
batively finite in D < 20/3, the second in D < 6, as observed in e.g. [103}[104]. It
is also possible to note that the leading divergence at L = 4 (D < 11/2) is caused
by j = 2, just as observed in [100].

Summary

What is of interest for the examinations of the UV divergences is the behaviour
of the L-loop one-particle irreducible parts that go into the amplitude diagrams.
In maximal SYM, the power of the momentum cut-off increases with the dimen-
sion and the number of loops, but decreases with a higher number of legs at-
tached. Therefore, the lowest number of j allowed for sets the overall behaviour
of the L-loop, n-point one-particle irreducible diagram. The overall UV diver-
gence of an amplitude is effectively that of the most divergent one-particle irre-
ducible constituent part.

4.2 Methods of investigation in maximal supergravity

There exists quite a number of approaches to deducing the UV divergences of
maximal SUGRA. Most investigations (but not those using pure spinors) take
place in N' =8, D = 4 SUGRA [6]. The most common object of investigation is
furthermore the existence or absence of counterterms: that of what limits their
presence. However, regardless of the method, the results can always be inter-
preted in terms of counterterms.

In this, some approaches are set apart from the others in terms of their unique
methods or the importance of their results, such as the explicit calculations for
the four-graviton amplitude, the U-duality and counterterm arguments for the
UV behaviour up to seven loops, and the examinations using pure spinors. In
particular, it may be noted that the pure spinor field theory approach, that of
Paper II, IV and V, does not build on a deduction of counterterms, although the
result may be interpretable in terms of them, in a way similar to the situation
in [103}[104].

Possible counterterms

The behaviour of a theory (i.e. of its amplitudes) is a product of on-shell external
states. As such, the UV behaviour ought to be gauge invariant and independent
of the diffeomorphisms of the theory in question. For maximal SUGRA, with
graviton external states, this leaves a possible dependence of the counterterms
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on the Riemann tensor and the Ricci tensor and scalar, transforming homoge-
nously under coordinate transformations [88]. In addition, further restrictions
occur due to dimensional properties. The counterterms are usually denoted by
covariant derivatives acting on Riemann tensors, schematically:

D RHHIE, (4.2a)

where a loop dependence on the interpretation of the counterterm is visible,
occurring due to dimensional properties. The first possible divergence for each
loop configuration, the logarithmic divergence, is for the 4-point diagrams de-
scribed by

DAL= RA, (4.2b)

With an increase in k£ compared to this, the counterterms describe increasingly
worse UV divergences. In total, the behaviour of a diagram is partly set by the
tendencies towards divergence of each loop in it, and partly by the overall loop
configuration. [88]

4.2.1 General summary of the investigation methods

There has been a number of different approaches to restricting the counterterms
further, apart from what is set by gauge invariance and dimensional properties.
Light-cone, non-Lorentz covariant, harmonic and conventional superspace ap-
proaches, as for maximal SYM, have traded one type of manifest symmetry for
another in different configurations, for an accurate description of the interac-
tions through Feynman rules etc. Naturally, the removed property is utilised to
reduce the derived counterterms (of the restricted theory) in retrospect or sepa-
rately, in want of a complete formalism more like the kind provided by the pure
spinor. Furthermore, the string theory dualities have been applied to different
degrees, in order to catch the properties of the SUGRA theory that are hidden in
the low energy limit representation, and otherwise lost in approaches in D < 11.

The finiteness up to three loops [70-75,89] can e.g. be explained in terms of
the amplitudes being colourlesﬂpand exhibiting crossing symmetry [90]:

e At the investigation of an n-point amplitude, it is necessary to consider
a summation over all possible orderings of the external legs, as well as
over all possible diagram contributions. Hence, additional cancellations of
the divergences, not exhibited by the solitary diagrams and external leg
configurations, may occur.

or investigated in terms of helicity amplitudes [92]. At that point, it also be-
comes apparent that U-dualityfl]is present as a relevant mechanism in the am-
plitude calculations. A review of the situation for up to three loops can be found

*In gravity, there is no concept of colour, in contrast to what is true in quantum chromodynamics
(QCD).

4Cha\pterprovides an introduction to this. In four dimensions, the relevant symmetry is E7 (7).
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in [93]], although the at the time conjectured limits for UV finiteness at higher
loop order differ from the current situation, described in section In addi-
tion, [96] tried to determine whether or not the 3-loop finiteness could be com-
pletely explained by Er(;) invariance, without a conclusive result.

The proof of perturbative finiteness for 4-loop amplitudes [95], through ex-
plicit calculations for the four-graviton amplitude, caused renewed interest in
the perturbative behaviour of maximal SUGRA. Supersymmetry and U-duality
arguments were combined to further narrow down the possible counterterms.
[99] found the non-linearised theory to be non-anomalous with respect to con-
tinuous U-duality, to all orders in perturbation theory:

e Counterterms must respect the E7(7) symmetry.

This requirement was used in [97,]101,102] to exclude counterterms in the 6-
point D = 4, N' = 8 SUGRA amplitudes up to 6 loops, in accordance with the
4-point results of [98]], obtained through arguments for that the UV behaviour
from 4 loops and upwards should be determined by the factorisation of the
DBR* operator. At 7 loops, the only valid counterterm was recognised to be
precisely D®R*, in summary a

e D = 4 first possible counterterm at 7 loops (4-point), encoding logarithmic
divergence.

Since a counterterm invariant under both supersymmetry and U-duality had
been recognised to exist at eight loops early on [76]77], [98,102] effectively im-
plied the question of UV divergence in four dimension to be between 7 and 8
loops.

Meanwhile, the pure spinor approaches merely (or at best, depending on
the amount of properties considered) confirmed the results of the analyses per-
formed through other means, up until the results of Paper IV, where an interest-
ing cut-off at seven loops was recognised. This, as well as the aforementioned
results, will be further discussed in the following section on the current state of
affairs for the UV divergence in maximal SUGRA.

4.2.2 Explicit calculations for the four-graviton amplitude

A systematic search for the UV divergences of maximal SUGRA is to be found
in the explicit calculations performed for the four-graviton amplitude in [89,91,
95,105], where [89,95] provided the proofs of 3- and 4-loop finiteness. The pro-
cedure is meticulous in its execution, working its way up from the amplitude
diagrams with the lowest number of loops, and at each new step drawing upon
the previous results. It is also highly time-consuming and dependent on the
available computer power, and increasingly so with an increasing number of
loops in the amplitude diagrams, as the number of different diagrams possible
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to construct increase drastically with L. The latest computations could not have
been performed a few decades ago, nor is it very reasonable to believe them to
be carried on very far — the related goal is to determine the deviations from
the maximal SYM case and when the maximal SUGRA diagrams get UV diver-
gent, as well as what causes those additional divergences. It is, on the whole, a
thoroughly impressive procedure.

The investigations concern the 4-point amplitude and take place directly in
the field theory, with two key concepts to make the whole feasible: the unitar-
ity method and the Kawai-Lewellen-Tye (KLT) relations. These are applied to
simplify the field theory description of the interaction amplitudes, so that the
complicated loop structures (causing the divergences) can be termed in tree di-
agram parts in maximal SYM. Still with an encoding of the UV divergences, of
course. Because of this, the (computer) calculations include the investigations of
the maximal SYM case, previous to the SUGRA investigation, which is why re-
sults from this approach were brought up in the section on maximal SYM. The
simplifications are vital for the feasibility of the investigations, the first to get
rid of the complicating loop structures with subsequent loop momenta, etc., the
second to end up performing the calculations in a well-known setting, easier to
deal with: maximal SYM. A detailed introduction can e.g. be found in [_88]].

The unitarity method

Since the scattering matrix is unitary, unitary relations can be applied to the de-
scription of the amplitude diagrams with the end result unaltered. In specific,
this is relevant due to the existence of unitary relations between structures of
a certain genus — number of loops — and those with lower genus, effectively
all the way down to tree level. Provided an amplitude fulfils certain conditions,
such as is the case in the D = 4 maximally supersymmetric theories, it is so-
called cut-constructible. That is, the amplitude is constructible from informa-
tion on its cuts and the intermittent tree diagram parts. The computation of the
interaction amplitudes, or that of possible counterterms present, in that way
simplifies to that of tree computations, which is of key value in the investiga-
tions of e.g. the UV divergences in maximal SUGRA. However, it is not to to
be confused with the property of perturbative finiteness of the tree diagrams,
which does not hold for the loop diagrams. [82}83]]

The Kawai-Lewellen—Tye relations

The KLT relations [199] concern closed and open string tree amplitudes: the for-
mer can always be expressed as a sum of the latter. Since the maximal SYM
and SUGRA theories represent the low energy limits of these superstring the-
ories [78], SYM from the type I open superstring and SUGRA from the type II
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closed superstring, the KLT relations infer relations between maximal SUGRA
and SYM. With them, it is possible to interpret supergravity tree amplitudes in
terms of SYM tree amplitudes.

Progress

The explicit calculations for the four-graviton amplitude have so far reached
four loops, up to which point there is no deviation in the UV divergences of
maximal SUGRA from the maximal SYM results. The latter have been per-
formed for up to five loops, also including non-planar loops: loops not pos-
sible to represent by diagrams in a plane, although one investigation also has
addressed the maximal SYM D = 5, L = 6 situation. The 5-loop calculation in
maximal SUGRA is currently underway, but perhaps to some degree at a stand-
still. Not only is the analysis time-consuming, but there has also been an issue
with the solution ansatz not being general enough, while seemingly containing
what ought to be enough for the description. It is a complicated issue and not
the only project of the associated researchers. Nevertheless, the results are of
true relevance and eagerly awaited.

4.2.3 U-duality & D®R* arguments

The presently conjectured behaviour of loop diagrams with 5 < L < 7 in maxi-
mal SUGRA is the result of [98,102], representing two different approaches. The
tirst is based on what type of counterterm, representing the worst possible UV
divergence, might be allowed in the amplitudes based on the situation at four
loops. The second is due to an analysis of what possible counterterms might be
invariant under the required E(;) symmetry.

D8 R* arguments

In [98], the analysis is based on the counterterm responsible for the worst UV
divergence for the 4-loop amplitude in D = 4 maximal SUGRA: the D®R*. This
is the counterterm responsible for the worst divergence (all dimensions) that
may exist above 3 loops, and it is not loop dependent above L = 4. Depending
on L, the divergence it causes sets different limits on the dimension, for pertur-
bative finiteness of the theory, through a connection to the momentum cut-off
according to

AD-2)L=6-28, 1261 pt. (4.3)

with 3, restricted [95] to be at least 4 for L > 4. A similar analysis of the di-
mensional restrictions can be made for L < 4 in accordance with the results
obtained regarding the counterterms, which restrict 8, to be at least L, compare

to eq. (4.4).
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U-duality restrictions on counterterms

The results of [102] concern the possible counterterms for 5- to 9-loop diagrams
with up to 6 external states. The key test is what counterterms are invariant
under E7(;), and to obtain the candidate counterterms that may exist in max-
imal SUGRA, closed string amplitudes obtained from the open string ampli-
tudes of [200-202] through the KLT procedure are analysed. The matrix ele-
ments are acquired from the o/-expansion of the closed string tree amplitude
rather than e.g. through Feynman rules, which would contain too may compli-
cations. Furthermore, averaging etc. over the external states is performed before
a final analysis of the U-duality invariance of the counterterm candidate, which
is analysed in the soft scalar limit of the obtained next-to-maximally-helicity-
violating (NMVH) amplitudes.

4.2.4 Pure spinor approaches

Despite the ingenuity of analyses unconnected to actions with maximal super-
symmetry, the importance of methods based on such actions is not to be ne-
glected. As pointed out in the section on maximal SYM, inherent symmetries
are expected to simplify the analysis to the outmost, which due to the compli-
cated setting becomes all the more relevant in maximal SUGRA. It is not easy to
determine the UV divergences without a full description.

The pure spinor investigations were initiated in [24,28|94]. As already men-
tioned, the pure spinor itself was initially introduced to provide a covariant
description of the superstring and the superstring amplitudes. The tree ampli-
tude results of [16]], found to give at hand perturbatively finite 1-loop diagrams
in [87], was extended to loop amplitudes in [24], reformulated in the presence
of the non-minimal variables in [28], and further developed with respect to in-
tegrated vertex operators etc. in [94].

These investigations, continued and to some degree improved in [103}104],
are characterised by their string theory approach, in contrast to what is true
for the field theory approach of Paper II, IV and V. The fundamental difference
lies in the construction of the amplitude diagrams for the scalar particle. In the
string theory approach, the amplitude diagrams are determined by arguments
from string theory, in a way similar to how operators and characteristics of the
pure spinor formalism were identified. Typically, the inherent maximal super-
symmetry is lost, and it is necessary to check BRST invariance of the results to
verify their consistency.

In the field theory approach, however, the rules for the amplitude diagrams
are deduced from the action in question, SYM or SUGRA, in eq. and
(3.37). In this way, the symmetry properties are kept inherent in the formulation
throughout the investigations. Arguably, this invokes the symmetry properties
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of the theory to a maximal extent, at least in the absence of an action with (truly)
manifest supersymmetry.

The string theory approach (1st quantised version)

The string theory approach of Berkovits centres around the vertex operators
and the pure spinor properties of the open superstring description along with
the propagator obtained from a gauge fixing for the scalar particle. The ampli-
tudes (for the scalar particle) are built from from these components. For exam-
ple, a propagating field can be split into two states by a vertex operator acting
on it. The ensuing states can be described to propagate further by adding prop-
agators acting on them, etc. In this, there is a choice of expressing the process
in unintegrated or integrated vertex operators, the latter of which encodes the
propagation of one of the two states in the just mentioned example, and is possi-
ble to describe in terms of an unintegrated vertex, a propagator and an integral.
The description of any amplitude is in this way built piece by piece.

The resulting amplitudes initially figure in a kind of maximal SYM setting,
as the chosen propagator for the open superstring is the same as for maximal
SYM. However, the inherent BRST equivalence of the formalism is by no means
guaranteed in the ad hoc (though by no means strange in a pure spinor con-
text) recognition of the amplitude construction. Therefore, the results need to
be checked for BRST invariance, which typically is present. The encodement as
such seems satisfactory and complete.

For the SUGRA results, the SYM procedure is generalised to describe max-
imal SUGRA in D = 10 through an imitation of the transition from the open
string to the closed string, a process which includes doubling all fields except
for 2 and its momenta. This alters the vertex operators, the degrees of freedom
of the variables, etc., and in the end provides results for maximal SUGRA in
D < 10.

The extensions of [103,104] in this setting mainly is a matter of how to deal
with the problems with loops that occur in the pure spinor formalism. The prop-
agator is too local (proportional to a delta function) with respect to the pure
spinors to work in a context with loop integrations, and needs to be altered in a
BRST equivalent way for the formation of loops. This is feasible in an ingenious
combination of general regularisations and loop properties: the loop momenta
are introduced as one set of the general regularisation variables, introduced for
the loop in question to render the propagator non-local enough [28]. This, done
for each loop in a diagram, takes care of the loop integration in a way consistent
with the pure spinor formulation.

However, there is a slight problem with relying on the results of [103,(104]
in the light of Paper IV, due to the absence of certain non-minimal variable con-
stellations which was not previously recognised. The difference for the SYM
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results can be expected to be less to (most probably) none due to the small
change introduced as well as the nature of it, though the results reasonably
cannot change, either, since they correspond to the results for maximal SYM
established through other methods than the pure spinor approach. It is, how-
ever, difficult to conclude the implications for the SUGRA results, despite their
reproduction of the expected results from the explicit 4-graviton calculations
and [98,[102].

The field theory approach (2nd quantised version)

This pure spinor approach was developed in Paper II and represents a com-
plete field theory approach originating in the pure spinor action for SUGRA of
eq. (3.37). What corresponds to the Feynman rules in quantum field theory has
been derived from the action and the propagator, by consistency demands such
as that the overall ghost number of an amplitude diagram ought to be zero for
it to be physical, etc. The loop integration is that of [[103|104], representing a
BRST equivalent alteration of the theory. This process was originally performed
for maximal SYM, which was not addressed in Paper II since the results were
the same as those in [103}/104]. In Paper IV, on the other hand, some new in-
sights regarding the non-minimal variables were presented, and the SYM case
displayed both as an illustrative example and for a consistency check of the
SUGRA results.

The marked similarities between the observed workings of the string and
field theory approaches in SYM at an analysis of the UV divergences is unsur-
prising: the building blocks are effectively very much the same. However, in
SUGRA marked differences show in the shape of the propagator (the field the-
ory version is nothing like the SYM ditto) and the vertices. Most likely, these
differences make it easier to capture the maximal SUGRA properties, observed
in Paper IV and V in the (D = 11) field theory setting.

In contrast, the processes of the two different field theories (SYM and SUGRA)
in principle differs but little from each other (due to dimensional properties and
different degrees of freedom) but for the existence of operators in the vertices
in SUGRA. This, clearly visible already in the difference between the SYM and
SUGRA 3-point and 4-point interactions in eq. and (3.37), changes the
properties of the theory, which is not surprising — theories of gravity are fun-
damentally different from gauge theories.

Still, SUGRA in many ways follows suit after SYM, disregarding a more al-
lowing situation for divergent terms resulting in more severe UV divergences,
except for a circumstance of the restrictions brought on by the non-minimal
variables, as observed in Paper IV (which furthermore made the conjectured
UV divergences of Paper Il void for L > 1). This is discussed in more detail in
the next section.
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It is difficult to tell in what way the formulation would benefit from mani-
fest supersymmetry. Due to the construction, the maximal supersymmetry is an
inherent part of the description. Nor does SYM require a formulation more to
the point than provided by the pure spinor formalism. In addition, the further
properties, unique to SUGRA, that remained to be identified after Paper IV in
order to give rise to the (known) overall UV behaviour, was identified in Paper
V. Perhaps further simplifications would occur in a manifest setting, but it is
likely that any result is equally observable in the pure spinor formalism.

4.3 The state of affairs in maximal supergravity

The analysis of the UV divergences in maximal SUGRA has a long history, and
so have the numerous results. The ones here presented are deemed to be the
most integral to the current limits on the perturbative finiteness of the maximal
SUGRA theory. For a more extensive coverage of the subject, the reader e.g. is
referred to the proceedings’ of the workshop on ‘Breaking of Supersymmetry
and Ultraviolet Divergences in Extended Supergravity’ that was held in 2013,
the volume of the ‘other publication” in the list of appended research papers of
this thesis.

4.3.1 Summary of the results concerning the UV divergences

The results can be divided into two categories:

1. The counterterms explicitly determined by 4-graviton calculations (though
not initially for L = 1,2). These are set for L < 4.

2. The counterterms constrained by the symmetries of maximal SUGRA, set-
ting a limit on the worst possible UV divergences.

Implicit in this is as a rule of thumb that the investigations concern 4-point am-
plitudes. Not much effort has been spent on analysing n-point diagrams with
n > 4, although the exception to the rule [102] will prove most intriguing, and
an increased interest in 5-point amplitudes has been visible since Paper IV. In
specific, the second point above can be divided into three areas of interest:

e L < 7 where divergences cannot occur in D = 4.

e [ =7 where supersymmetry and U-duality properties allow for a coun-
terterm in D = 4 for the 4-point amplitude [98,102] but not for the n-point
one-particle irreducible amplitude with 5 < n < 6 [102]. Meanwhile, the
result of Paper IV states that the 4-point diagram vanish, and Paper V in-
dicates those of n > 4 to be convergent in D = 4.

*Presentations given at the workshop can also be found at http://www.Inf.infn.it/theory/buds.
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e L > 7 where supersymmetry and U-duality properties allow for countert-
erms for all n-point diagrams (n > 4) [76|77,102], while the results of Paper
IV (and V) state that all such one-particle irreducible diagrams vanish, lim-
iting the divergences to those of L < 7.

Up until recently, the L = 7 amplitude was regarded as the amplitude to set the
limit of the perturbative finiteness of D = 4 maximal SUGRA: either the pertur-
bative theory was to diverge at L = 7, or at L = 8. However, in combination with
the results of Paper 1V, the results of [102] (reproduced in Paper V for all n), spe-
cific with respect to the n-point dependence of the possible counterterms, open
up for the scenario of D = 4, V' = 8 SUGRA as perturbatively finite. Even when
disregarding the result of Paper V, it is unlikely that counterterms show up for
7-point diagrams, or higher, when absent for the lower ones. This is extremely
interesting, calling for further investigations in the different settings, due to the
opaque workings of the pure spinor formalism.

An overview of the explicit results is illustrated in fig. the properties of
which will now be discussed in detail.

AtL <14

The counterterm results of the L < 4 amplitude diagrams set the limit on the
UV perturbative finiteness to [70-75,89,95|

D <8 L=1

4.4
D<4+% 2<L<A4 @4

for the 4-point amplitude: exactly the same (overall) behaviour as in maximal
SYM. In fact, the coincidence with SYM carries surprisingly far with respect to
the number of loops. A deviation from the SYM case was expected earlier, and
has now been postponed to the L = 5 amplitude, where the actual case remains
to be explicitly addressed.

At5<L<6

The key point of interest in this regime is when maximal SUGRA deviates from
the SYM case. The loops above L = 4 and below L = 7 are characterised by a UV
behaviour somewhere in-between the limits of [98,(102]

14 6
2+ <D.<4+5 4<L<6, (4.5)

where D, is the critical, lowest dimension where UV divergences may occur.
The situation in SYM provides the best case scenario, while the worst possible
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Figure 4.2: The limit on the dimension (D) of a maximal SUGRA theory for it to be per-
turbatively finite, as deduced through different studies. It is presented for the 4-point
amplitude, as a function of the number of loops (L) present. The blue colour refers
to the situation in maximal SYM (compare to section where the requirement is
D <4+6/L for L > 1. This SYM boundary (the lowest dimension for divergence) repre-
sents the upper bound for what may be the case in SUGRA. The dashed line represents
the highest dimension in which maximal SYM is perturbatively finite (all loop configu-
rations considered). The red colour denotes various SUGRA investigations, in analogy
with the SYM markings. The results from the four-graviton calculations are in unison
with the results by the counterterm approaches and Paper V, otherwise displayed as
red circles. There are two highly interesting points here, the situations for L = 5 and
L = 7. The first is where SUGRA currently is expected to deviate from the SYM case,
a limit that previously has been lower. When a deviation occurs, and how it appears,
will provide an indication for what to expect at higher L, in specific when the D = 4
theory turns divergent. At present, any deviation is expected to result in a curve below
the SYM boundary, possibly tangent to the SUGRA lower boundary, forcing the overall
limit below four dimensions. The first possible divergence then occurs at 7 loops. How-
ever, the pure spinor results of Paper IV state that the loop dependence ceases after 7
loops, making the L = 7 situation integral. Since the same results state that the 7-loop
configurations strictly are not allowed in a 4-point diagram, the relevant examination
is that of the 5-point amplitude, with [102] and Paper V implying convergence. This
opens up for a situation where maximal SUGRA is perturbatively finite in D = 4.
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behaviour is bounded from below only by D < 2 in an extended argument, for
the overall number of loops, as also was the result of [103,104]. The correspond-
ing result of Paper II was, however, rendered void by Paper IV, in the absence
of constellations of (\,7) with r* : & > 15, but successfully analysed in Paper V

to give both the results of eq. and (4.5).

AtL=7

The amplitude with 7 loops presents the crucial point for the present analysis.
It is where the first UV divergences in D = 4 may occur, with a limit on the
dimension of the theory according to [98,102] and Paper V:

D <2+

1442 TR
e s:{o it j=4 L=1, (4.6)

L 1 if 4<j<6

with the s as an extensiorﬁ of the argument in [98] in the presence of the [102]
results, which specify results for n-point amplitudes, (presumably) directly con-
nected to the number of outer legs of one-particle irreducible loop diagrams.

Usually, this relation is shown for the 4-point amplitude, which was the
subject of investigation in [98]. There, a logarithmic divergence in D = 4 was
shown to be possible. [102] instead specifies the divergences with respect to up
to 6-point amplitudes, with the 4-point amplitude connected to a logarithmic
divergence in D = 4, while the others are found to be perturbatively finite. This
corresponds to the result of Paper V, not limited to n < 6.

On the other hand, according to the results of Paper IV and V, 4-point dia-
grams with 7 loops vanish. For the presence of one-particle irreducible struc-
tures (each 4-point by requirement) with 7 loops, 5 outer legs are required. This
implies a restriction to diagrams that by [102] and Paper V are not as diver-
gent as the 4-point version. The general n-point diagrams have of course not
been investigated outside the pure spinor formalism, but even so, higher point
diagrams ought not present worse divergences than the lower point ones. Con-
sequently:

e The logarithmic divergence seems to be completely avoidable at 7 loopd’}

Above L =7

Traditionally, UV perturbative finiteness in D = 4 has been regarded as highly
unlikely (or impossible) above 7 loops. Counterterms valid in the presence of

®Regardless of the accuracy, the important point is the addition of some positive number on the right
hand side of the relation, for4 < j < 7.

"Note that this conclusion was not drawn in Paper IV, due to a too heavy focus on the 4-point amplitude
results which overlooked the 5-point result of [102].
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maximal supersymmetry and U-duality at 8 loops were recognised early on [76,
77] and the behaviour effectively conjectured to be that of eq. extended to a
higher number of loops. There, the overall lowest limit of perturbative finiteness
in D = 2 is unsurprising, obtainable from a general power counting of the loop
momenta.

The results of Paper IV and V, on the other hand, state a cut-off of the loop
dependence at 7 loops. That is, one-particle irreducible diagrams may not have
more than 7 loops, setting the overall behaviour of the higher loop diagrams
(made out of several one-particle irreducible diagrams) to be that of the 7-loop
diagrams. In that way, the UV divergences are, in combination with [98,]102],
identified as entirely absent in D = 4.

4.3.2 The cancellations of Paper IV and V

There are two parts to the results of Paper IV and V; one controversial, the other
one not. The first is the cut-off of the loop dependence, the second the limit
on the possible counterterms already observed (effectively) in [98,(102]. A first,
logarithmic divergence at 7 loops, as discussed in e.g. [109], is a well-established
scenario. Even a postponement to 8 loops would not be especially unthinkable,
but there has been nothing identified outside the setting of Paper IV and V to
indicate a cut-off of the loop dependence, especially not exactly at the crucial
point of divergence in D = 4. The closest would be arguments for finiteness in
D = 4 like [108], by no means definitely established.
In Paper IV and V, the cut-off of the loop dependence is due to

— a restriction on the effectively present parts of R in the vertices, so as not
to constitute a total derivative.

— an inherent restriction on the non-minimal spinor variable r, which only
shows up in certain constellations, in combination with a duality between
r and A\D, not fully captured by the integrations over the loop momenta.

Importantly, the investigations concern parts convergent with respect to the sin-
gularities of (A, )\), allowing for BRST equivalent analyses of the properties with-
out having to take the general regularisations into account} The first restriction
is integral as it defines R o< r, effectively, in loops, so that there are always two
r on each loop-specific propagator, in contrast to what is true in e.g. SYM. The
second restriction is a consequence of this: there are rs on the loop-specific prop-
agators, which if too many in number have to figure in their dual entity A\D.
However, the integrations over the loop momenta, equivalently figuring on the
loop-specific propagators, render expressions with these additional momenta
to zero.

SExcept for with respect to the general UV limits, equally analysed through a power-counting of D
prior to a general regularisation anyway, compare to Paper V.
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Perhaps the final step has to do with U-duality (momenta/brane charge du-
ality). The loop equivalence between r and covariant spinor derivatives (origi-
nating in the loop regularisation) in Paper V provided the limit on the dimen-
sion to those presented (for L > 1), partly ‘normally” deduced through U-duality
arguments. Effectively, the vanishing of amplitude diagrams in Paper IV and
V may be interpreted as being due to an overall limit on the encoded mo-
menta/coordinate duality in the loops, in terms of what can be accepted by the
integrations over the loop momenta. What that would correspond to in terms of
U-duality is more difficult to divine, but there would seem to be a contradiction
between required dualities and accepted entities.

The most crucial point is, of course, if the analysis truly holds in a BRST
equivalent setting, but the extended analysis of Paper V certainly seems to ver-
ify that.

4.3.3 Outlook

The combined results of [98}(102], Paper IV and V imply UV perturbative finite-
ness in D = 4 maximal SUGRA, which is a highly interesting and controversial
result. Further investigations are of interest:

e An extended analysis in settings outside the pure spinor formalism, for
a confirmation of the results and a better understanding of what causes
the counterterm cancellation. In [102] the E7;) symmetry is found to be
increasingly restrictive for higher loop and point diagrams. The possibility
of the D®R* counterterm for the 7-loop 4-point amplitude in their analysis
is the product of a remarkable cancellation. Perhaps it is possible to extend
the analysis and obtain results in line with Paper IV.

e It might be desirable to see an explicit proof of the 7-loop 4- and 5-point
amplitudes in the pure spinor formalism setting of Paper IV and V. How-
ever, the overall limit of Paper V in practice already has established the
worst UV behaviour of the one-particle irreducible loop structures, and
the workings of the ‘counterterm cancellations” have been identified.

Provided the results of Paper IV and V hold, the development of the per-
turbative finiteness in maximal SUGRA has taken an unexpected turn. Interest-
ingly, due to the simplifications of the analysis provided by the inherent sym-
metries of the field theory pure spinor formalism. Perhaps the workings of the
process would be more transparent when formulated in a setting with manifest
U-duality, e.g. in D = 4 with explicit parallels to the other investigations. Such a
pure spinor formalism yet remains to be constructed. However, the D = 11 the-
ory already encodes this, effectively making the observations in Paper V possi-
ble, in part representing the powerfulness of the formulation.






We have to remember that what we observe is not nature herself,
but nature exposed to our method of questioning.

Werner Heisenberg

Exceptional geometry

A non-perturbative formulation of string theory has long been an object of in-
terest in theoretical high energy physics. The superstring theorie originating
in different quantisations of the closed string, are known to be related by du-
alities [53,203], effectively representing different perturbative versions of one
single theory [203-205]: the so-called M-theory. This theory e.g. arises in the
strong coupling limit of type IIA string theory, with the other string theories
in different limits of low coupling. Importantly, its low energy limit is D = 11
SUGRA.

In understanding the properties of the elusive M-theory, examinations of
D = 11 SUGRA represent key investigations. Through a better understanding
of the low energy properties, an increased knowledge of what ought to go into
the description of M-theory is obtained. Integral to the subject of this chapter
is the U-duality [53-56] properties displayed by D = 11 SUGRA compactified
on tori. This duality encompasses both T- and S-duality and so relates all of
the string theories. The process represents one example of how to, in the low
energy limit of M-theory, identify a property important in its other perturbative
expansions (the string theories).

Essentially, U-duality represents a quantum symmetry of M-theory, and an
attempt can be made at making it manifest in the low energy limit formulation.
The subsequent theory is termed extended geometry and exists in two versions:
doubled and exceptional geometry, with manifest T- (double) and U-duality
(exceptional), although the former represents a special, far more investigated,
case of the latter. The point of these formulations is partly to better understand

"The type I, IIA and IIB theories, and the heterotic SO(32) and Es x Es string theories.
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the effects of U-duality in general, but can also be regarded as a step towards
M-theory. A consistent description at low energy, enlarged in lower dimensions
(D < 11) to encompass the U-duality usually broken there, might be possible
to extend to higher energy levels or give a clue to how that is to be done. Such
attempts have been made in other contexts before, especially for T-duality [[146-
148,206,207, but also concerning theories describing M-branes [208-211]. For
example, a current and important venue of research concerns the M5 theory (in
D = 6) which relates the concepts of D = 4 gauge theory and D = 2 conformal
tield theory (CFT) [212-214].

This chapter will start out with a description of how U-duality shows up in
D =11 SUGRA and what it is characterised by, mainly following [56]. Subse-
quently, the geometric construction for including manifest U-duality in SUGRA
will be described (initially in terms of T-duality), followed by the current sit-
uation for exceptional geometry and the investigations therein, partly related
to Paper III. For a full, detailed and rather recent review of the field, [215] is
recommended.

51 U-duality

The dualities relating the superstring theories partly figure in a context where
brane charges and momenta are treated on an equal basis. To (by construction)
get to this property, it is necessary to consider a spacetime with directions con-
jugate to the brane charges. At the same time, the symmetries of the SUGRA
theory, a version of eq. (3.1b), must be preserved. Both criteria are fulfilled by a
compactification of the D = 11 SUGRA theory on a torus of dimension d, where
discrete momenta and brane windings on the torus form the multiplets of the U-
duality groups [55], thereby capturing properties hidden in the D = 11 theory;
the possible remnants from M-theory.

The SUGRA theory compactified in this way displays a superalgebra de-
composed into the maximal superalgebra of the ensuing D = 11 — d theory. The
N-extended algebra transforms under

SO(1,10 — d) x SO(d), (5.1)

where the latter describes the symmetry relations between the different sets of
supercharges, and thus represents a part of the (local) R-symmetry. Foran V' =1
theory, this symmetry is simply described by U (1), but it varies with d to extend
beyond SO(d). The former part naturally denotes the Lorentz group in the un-
compactified dimensions, so that the correct properties of the theory (in total)
are preserved, in line with a valid construction as outlined above.

The interesting result of the compactification is the properties of the subse-
quent theory. It turns out to be invariant under a global symmetry G, containing
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D [ d| Ga= Eya Hy

101 | R 1

9 | 2| SI(2,R) x RF U(1)

8 | 3 SI(3,R) x SI(2,R) | SO(3) x U(1)
7 | 4| Si(5,R) SO(5)

6 | 5| SO(5,5R) SO(5) x SO(5)
5 6 E6(6) USp(8)

4|7 | By SU(8)

3 |8 Eyg S0(16)

Table 5.1: The symmetry groups of U-duality displayed in D dimensions after a com-
pactification of D = 11 SUGRA on tori of dimension d (T'%), representing the inter-
nal symmetries of the compactified directions. These are the Cremmer-Julia symmetry
groups, or equivalently: the exceptional symmetry groups FEj4). Their maximal com-
pact subgroups H,; correspond to the R-symmetry of the superalgebra. [216,217]

SO(d—1,d —1,R) = SI(d,R), (5.2a)

which denotes a continuous symmetry group generated by two non-commuting
subgroups. The former of the two groups incorporates T-duality, whereas the
corresponding for the latter is S-duality, so that the described global symme-
try incorporates the dualities between the string theories. In addition, the latter
group represents a subgroup of the diffeomorphism symmetry.

In total, the global symmetry G, is that of Eyq) (R) [216,217], as listed in
table i.e. the normal real form of the exceptional group £,;. However, in
the quantum theory the gauge potentials transform non-trivially under £, so
that the continuous symmetry cannot be valid. Effectively, the states charged
under the gauge potentials are required to have quantised charges, reducing the
continuous symmetry described above to the part of it that remains unbroken
in the quantum theory: the discrete symmetry

Eaa)(Z). (5.2b)

This is the symmetry group of the U-duality.

Technically, a few more proofs (of the absence of further restrictions) are re-
quired before the last statement can be made, in general. For example, the dif-
feomorphism symmetry in D = 11 SUGRA can be shown to give Si(d,Z) as an
exact symmetry [53,218] of the quantised theory. Another, further requirement
is the fact that T-duality, described by SO(d — 1,d — 1,Z), holds to all orders [219]
in type IIA string perturbation theory. With d < 7, this is sufficient to prove the
exact quantum symmetry to be Ey4)(Z) [53,218]. For the general statement, ver-
ifications extended all the way to d = 11 [220-222] are necessary. However, the
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interpretations, and relations, of the special cases of d > 10 are slightly different
from the ones previously mentioned.

In summary, the symmetry group in eq. describes how U-duality re-
lates the different superstring theories (effectively through S- and T-duality) as
equivalent perturbative expansions of one and the same theory. The process of
compacitification of D = 11 SUGRA on tori therefore correctly captures not only
the equivalent treatment of momenta and brane charges first identified among
the string theories, but the entire quantum symmetry connected to that equiva-
lence. A recognition made possible by the complementary situation of the string
and SUGRA theories, perturbative with respect to M-theory in different senses:
the former in a weak coupling limit, the latter in a low energy limit, but neither
in both senses. Most importantly, one property of M-theory, U-duality, has been
uncovered.

5.2 The geometric construction

With one property of M-theory identified, it is possible to extend the low energy
limit of it. That is, the maximal SUGRA theory might be altered (in D < 11) to
comprise the Fy4 symmetry. The reason for this procedure, as previously men-
tioned, mostly is the opportunity it offers at examining what U-duality brings
about in a theory. Along with the reflections in the previous chapters of this
thesis, symmetries made manifest simplify investigations of different kinds in a
theory. Secondly, of course, it can also be termed an intermediate step towards
M-theory, which certainly must display the £, symmetry as well as, in a low
energy limit: maximal SUGRA. The resulting formulation though, is neither that
of M-theory, nor in proper terms its low energy limit.

So, how to incorporate the 4y symmetry? That question was first addressed
in terms of T-duality, the part of U-duality that shows up in the weak coupling
limit of perturbation theory. There, the symmetry group of relevance is

0(d,d,Z). (5.3)

and the ensuing formulation, first examined in a purely mathematical context
[113,]116,1117], is termed doubled geometry [31]. It represents a special case,
more easily handled than the full U-duality, thoroughly examined [31,113-145]
and providing the guidelines for the exceptional setting.

Integral to the construction, regardless of the symmetry under consideration,
is that the compactified theory (as described in the previous section) naturally
separates into the compactified (internal) and uncompactified directions. The
latter represents the original theory in the dimensions remaining after the 7
compactification, and is well-known. The former, on the other hand, represents
an additional feature, not quite fit to capture the desired symmetry. It is what
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is altered in order to take care of the duality symmetry (manifesting it in the
description) and, consequently, the only part of the description of special sig-
nificance. Regardless of the setting, the compactified directions represent the
tirst object of investigation.

5.2.1 T-duality construction

The concept of a geometric description of T-duality is central to doubled geom-
etry, giving rise to the term ‘generalised geometry’. It is through an alteration of
the geometry that the desired symmetry invariance is captured.

In specific, the space of the (string) theory, compactified on a torus 74, is a
tibre bundle, which locally looks like the (direct) product of a base space and
a fibre; at each point of the spacetime (not subject to compactification) a copy
of the T is attached. In the geometric formulation, the space is extended with
respect to the torus fibration, which introduces the concept of a generalised tan-
gent space. A cotangent space is added to the original tangent space, so that
the fibration is described not by one, but two tori, dual to each other. This
shape of the generalised tangent space (doubled coordinates with a duality con-
straint) causes the generalised metric —i.e. the overall metric with respect to the
compactified directions — to split into an O(d, d) invariant metric. In this way,
the added geometric (by compactification) and non-geometric (by construction)
backgrounds make room for the desired symmetry in the theory.

With a metric invariant under the desired symmetry, it possible to accommo-
date the rest of the theory to it. The present T-duality naturally affects the gauge
transformations, which means that the original infinitesimal transformations of
tensors, the Lie derivative in the direction of a diffeomorphism parameter, falls
short of capturing the O(d, d) symmetry. For a correct geometric encoding of the
diffeomorphisms (of the altered theory), the Lie bracket must be generalised ap-
propriately, which is achieved through replacing the ordinary Lie bracket with
the Courant bracket.

The change from the original Lie algebra, which for a theory of gravity is
gl(n), is such that, with a diffeomorphism parameter v and a vector v", an
infinitesimal transformation is altered from?

6, 0" = L,o™ = [u, 0] = u"0pv™ — (Opu™ )v" (5.4)

to that of a generalised Lie algebra with a generalised Lie derivative (a Dorfman

“Capital letters here refer to inner coordinates (coordinates on the generalised tangent space) in terms
of the forms of the uncompactified theory, and minuscule letters to the original spacetime of the extended
theory (in exceptional geometry: (11 — d)-dimensional). For example, the Lie derivative naturally is only
altered with respect to the inner directions. Note that all forms are bosonic, despite the overlap with the
superspace notation.
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derivative): [42,(114,115]
Lo VM = Lo VM 4 YMN b (OnUT)VE,

(5.5)

Y po = 0" npq.
Effectively, the original transportation term (u"9,,v™) is kept, while the matrix
of infinitesimal transformations, through the projection Y% »,, is extended be-
yond gl(n) to include the O(d,d) transformations. For example, %}, preserves
the O(d, d) structure through

ZLynun = 0. (5.6)

However, the algebra generated by the generalised Lie derivative only closes
provided a restriction on the theory. The corresponding, conventional constraint
in doubled geometry, the so-called section condition is [114]]

nMNoy @ Oy = 0. (5.7a)

This version of the constraint, where the derivatives may act on arbitrary, sep-
arate objects, is termed strong. It is necessary for the closure of the algebra in
doubled geometry, although the weak version

MO0y =0 (5.7b)

is enough to capture the level matching constraint in closed string theory, and
therefore sometimes is used for preliminary investigations. Effectively, the re-
striction of the section condition (when solved for) puts the theory on a sub-
space equalling the normal space of the theory; different solutions of it repre-
sent dual theories, like the different string theories. This e.g. makes the section
condition, and how it arises, interesting with respect to one of the venues of
research mentioned in section[5.3.4

In the presence of the strong section condition, the Lie algebra is valid and
transforms among itself according to

[D%U?ZV] - "g/ﬂ[[U,Vﬂa (58)
with the Courant bracket [115]
1
[U, VM = 3 (L VM — 2, UM) = (5.9a)
1
= UN NV = (N UMV 4 SV MY g [(8NUP)VQ - U@anP]. (5.9b)

This presents the natural way of generalising the Lie algebra, when the Lie
derivative is generalised according to eq. (5.5). In total, the altered Lie algebra
ensures that the theory locally displays the O(d, d) symmetry.
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Conceptually, this provides a geometric interpretation of T-duality, although
further properties must be considered for a general reformulation of the theory,
both in terms of the construction and its implications for the rest of the theory.
For example, the generalised metric contains both the string theory metric and
the B-field, the latter of which may have non-trivial flux, in which case a suitable
alteration of the construction is required for the formulation to fully work [32].
That process of extending the theory will not be touched upon here.

In summary, the doubled geometry unifies the bosonic degrees of freedom
(the fields of the theory) in the generalised metric G. It contains the string theory
metric and the B-field. Meanwhile, the gauge symmetries and diffeomorphisms
of the theory are encoded by the generalised Lie derivative, resulting e.g. in that
an infinitesimal bosonic symmetry transformation is given by

5,G = Z,G. (5.10)

In addition, the R-symmetry of the superalgebra translates into the maximal
compact subgroup of the symmetry, rendering the actual symmetry to G4/Hgy
in analogy with the situation in exceptional geometry. The modulo H describes
the equivalence between the different sets of supercharges.

5.2.2 U-duality construction

Generalised geometry in the sense of capturing the U-duality properties, so-
called exceptional geometry, was first recognised by [31,32] and represents a rather
recent object of research. Although increasingly popular, its properties [31-52]
are nowhere near as well understood as those of doubled geometry.

The geometric construction in the U-duality setting very much resembles the
doubled geometry, with an extension of the original theory through a gener-
alised tangent space, a generalised metric and a generalised Lie algebra. Only,
the additional symmetry accommodated for is exceptional instead of double,
and the theory concerned is that of supergravity. It represents a generalisation
of the doubled geometry, in that it is non-perturbative in the coupling constant.

Exceptional geometry fundamentally differs from doubled geometry in that:

e The generalised tangent space (of d dimensions) added to the D =11 —d
maximal SUGRA theory displays Ey invariance.

e The diffeomorphisms are invariant under ¢4(4) and a real scaling instead of
gl(n): the symmetry group is Eyq) x RT.

e The unification of the fields into the exceptional generalised metric makes
manifest the equal treatment of momenta and brane charges.

The first statement effectively means that the compactified directions (the
extended space) in exceptional geometry are described by something a bit more
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exotic than a fibration of a pair of dual tori. The generalised tangent space in-
troduced in the geometric description of the D < 11 maximal SUGRA theory is
constructed to accommodate the exceptional symmetry rather than the O(d, d)
symmetry, and varies with d in unison with the specific symmetries shown in

table[5.11

The second point brings about a different generalisation of the Lie derivative
compared with the case in doubled geometry. The projection Y ¥ p, needs to
remove the GI(n) invariance and substitute it with the new symmetry proper-
ties, a feature achieved by [34,35,37-40,42]

(,2 Cl) Q .11a

Here, the first term in Y™V pq removes the undesired infinitesimal transforma-

tions. The second term adds the ones corresponding to the Ey through a pro-
jection onto the adjoint representation of 4, while the third is responsible
for the real scaling. The («, 3) represent real scalars set by the particular theory
(value of d etc.) under consideration.

Furthermore, as in doubled geometry, the generalised Lie algebra does not
close on its own. The necessary and conventional (strong) section condition is

YMN b0y @ Oy = 0, (5.11b)

a condition with a weak counterpart, just as in doubled geometry. The strong
section condition needs to hold for the metric to be invariant, with some addi-
tional constraints, which restricts Y7 o to the R, representation (2-forms) in
Eqq) for d < 6 [42], compare to section The Lie bracket is also altered in
order to accommodate for the closure of the algebra, compare to eq. (5.8), into
an exceptional Courant bracket [32] corresponding to that of eq. (5.9a).

The third statement refers to the treatment of the fields in the theory. While
the symmetries (of U-duality) are taken care of by the added space and altered
Lie derivative (including both S- and T-duality properties) the fields are incor-
porated into the extended metric, as in doubled geometry. Infinitesimal sym-
metry transformations are equally given by eq. (5.10). The difference is that the
full dual situation is contained in the formulation: U-duality is present.

In total, there are naturally more differences between the doubled and ex-
ceptional geometries than what is listed above. In general, the properties of the
latter are both generalised with respect to the former, and more complicated.
There is also a definite difference in interpretation of the higher d-dimensional
formulations.
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5.2.3 Directions in relation to extended geometry

Once the geometric formulation of the U- or T-duality is set, the theory splits
into two parts: the inner and the outer directions, where the former refers to the
compactified part of the theory and, in extension, to the new physics. At this
point, it is optional to extend the spacetime to the same symmetry, obtaining
more than SUGRA with U-duality, by considering extended geometry instead of
generalised, a distinction increasingly made these last years and not necessar-
ily rigorous in e.g. Paper III. The investigations of the tangent space coincide.
Furthermore, it is possible to investigate the consequences of the geometry, or
(in extended geometry) to proceed to what a field theory would correspond to.
The former is the venue of research of Paper III and consequently the one ad-
dressed (primarily) in this thesis. However, there is also a lot of research done
on the field theories [48-50,(114}115,120,121,[137,(138| (141} 142,144, 145,223-225].
Either way, a complicating factor in exceptional geometry is the difficulties of
analysing concepts with respect to a general d, due to the properties of the Fj 4
representations. Most often, an analysis has to be performed for each value of d.

The doubled & exceptional field theories

An extension of the geometrical approach is to be found in doubled (DFT) and
exceptional (EFT) field theory, where the prime interest is the fields of the theory
instead of the geometry. The EFT structure is similar to that of (11 — d) gauged
maximal SUGRA [226,227], except in that the fields depend on the extended
space. Matters of interest are, for example, the gauge structure and the connec-
tions, the supersymmetry algebra and the form of the action. In part, the results
from the field theory approaches and the investigations from a geometric point
of view concern the same issues, and can then be translated from one formula-
tion to the other. For example, the difference between investigations regarding
the gauge structure and the connections on the generalised tangent space of a
certain theory is mostly a matter of notation.

Comment on the generality of the construction

Some years ago, the question was raised of whether or not the global structure
of exceptional geometry was that of a manifold, and tensors too constrained
(e.g. to flat space) to form a consistent theory. Since then, however, progress on
the intrinsic structure of the theory has been made. This includes, for example,
additional knowledge of the finite transformations, soon to be described in sec-
tion5.3.1] The accompanying gerbe structure is relevant for coordinate patches
through overlaps, and thereby for the associated manifold. On the whole, the
theory of exceptional geometry represents a promising candidate with respect
to general applications, such as the possibility to get at gauged SUGRA.
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5.3 [Exceptional geometry

In exploring the theory of (extended) exceptional geometry, there are a few fun-
damental questions concerning the theory:

1. What symmetries does it show?
2. What tensor formalism and curvature is it characterised by?
3. What is the associated dynamics?

The first question refers to both local and global symmetries, where the latter
so far has proven difficult to describe in a general way. For an illustration of the
concepts, the case of doubled geometry will have to suffice.

The second question has been addressed in a general way for d < 7 (the
cases most easily investigated), which was the subject of Paper III, but remains
to be further investigated for d > 8. It is a matter complicated by the presence of
extra parts in the affine connection of the covariant derivative, which cannot be
allowed to be part of the effective theory.

Thirdly, it is desirable to have a full classification of the dynamics and the
gauge structures of the fields present in the theory. This matter is possible to
approach, in a geometric setting, both from the observed structure of the ten-
sor formalism and through an extension of ordinary gravity. Primarily, it is the
bosonic sector that is subject to an analysis, as the extension to fermions is well-
known.

These issues will now be described in more detail, prior to an outlook with
respect to the different venues of research within exceptional geometry. Since
the formulation is rather recent, there exist both many diverse investigations
and concepts of interest yet to be approached.

5.3.1 Transformations within F; 4 (R)

In any theory, it is desirable to have a complete classification of the constituent,
local symmetries. This is of course also true in exceptional geometry. With a di-
vision of these transfromations into those finite and infinitesimally small, the
latter is represented by the Lie algebra and well-known. The finite transforma-
tions, however, are far from completely classified.

Diffeomorphisms

Given the Lie derivative of eq. the classification of the infinitesimal trans-
formations in exceptional geometry equals the identification of the projection
YMN o in the different d-dimensional compactifications. This tensor is com-
pletely determined by the requirement that the transformations generated by
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the Lie derivative represent a Lie algebra, which — in addition to the section
condition — is fulfilled iff [42]

(YMNTQYTPRS - Y]V[NRS(55> O @ Op) (5.12)

(Y QY T 5y + 2V MV iz Y TP 510 = YN 13y — 2V MV 510168, ) © O

all vanish. [SR) denotes either the anti- or symmetrisation of the S and R in-
dices, with any | X | remaining put, while the [N P)* is opposite to the first bracket,
so that the second expression really represents two different objects.

The section condition, as mentioned previously, restricts the projection ten-
sor to a projection into 2-forms for d < 6, while it for higher d also allows for
an additional term. The above displayed terms then set further restrictions, e.g.
resulting in a projection for d = 3:

Yiedly s = 463075, (5.13)

where each inner index M for d = 3 is represented by a vector and a spinor
index: ic, as a result of the restriction of the 1-form of the D = 11 theory to the
subgroup symmetry present after compactification. [42]

In this way, the infinitesimal transformations have been deduced for d <7
[42]. In general, the d > 7 theories represent special cases, and this is no ex-
ception. The Lie derivative for d = 8 cannot be restricted into an ordinary Lie
algebra [40,/42], but requires further identifications [50,51] for the correct geom-
etry [52] to be captured. The formulations with d > 8 remain to be addressed for
a full identification of the infinitesimal symmetries.

Finite transformations

Despite the fact that the compactification of D = 11 SUGRA on tori is a thor-
oughly understood and entirely feasible procedure, the finite transformations
of the ensuing theory remain to be pinned down in their entirety. In this respect,
the effects of the compactification need to be further recognised.

The situation in doubled geometry, simpler yet relevant, has been investi-
gated in [134,139,141}142], with parallels to the exceptional case. The situation
is as follows:

¢ In doubled geometry, any global continuous symmetry ought to also be a
local symmetry, due to the string theory background, where all global sym-
metries are gauged [228]]. As such, all the continuous symmetries should
be possible to express in terms of the Lie derivative, and the other trans-
formations correspond to discrete, finite (large) transformations. By exten-
sion, this should hold in exceptional geometry too.
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e The finite transformations of tensors in doubled geometry, conjectured in
[134], correspond to an exponentiation of the Lie derivative:

e = gfea = gftaa’, (5.14)

Any such exponentiation is equivalent to the finite transformations, allow-
ing for non-translating transformations. However, the situation is not eas-
ily generalised to exceptional geometry, as that exponentiated Lie deriva-
tive contains a term different from «’, with properties complicating the
formulation of the finite transformations on a form other than that of an
infinite series, contrary to what is true in doubled geometry. [139]

e The continuous, finite transformations display a so-called gerbe structure;
two finite transformations describe a third up to non-translating transfor-
mations

€A, A [D%U,gv] = %av] + AU,V~ (515)

The deviation is possible to describe, in doubled geometry, in terms of the
symmetry algebra O(d,d), and is trivial for three consecutive finite trans-
formations. The characteristics are equivalent to those displayed by a fi-
bre bundle, which effectively is the topology of the theory once the sec-
tion condition is solved for. In exceptional geometry, on the other hand,
a higher gerbe structure is expected — perhaps infinite — e.g. due to the
presence of higher n-form potentials in some of the compactifications. [139]

Although this constitutes a promising conceptual knowledge of the situation in
exceptional geometry, a better insight into the finite transformations is required
for a thorough understanding of the global ‘isometries ]

5.3.2 Torsion, curvature & the tensor formalism

With the symmetries of the theory (partially) recognised, the next concern is for
the tensor formalism. It needs to be well-defined and, preferably, easy to deal
with — a feature complicated by the already mentioned difficulties in making
statements for general d. The former is in turn connected to the torsion of the
theory, or rather the part of it which is not allowed, and leads on to a recogni-
tion of the curvature of the theory, in total presenting a full description of the
exceptional space.

The affine connection
The covariant derivative in exceptional geometry is such that

Dy VN =0y VN +Tyn Ve, (5.16)

*Non-distorting mappings.
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with I'yyv” representing the affine connection in the Lie algebra (¢4 & R). For
consistency, the covariant derivative of a tensor must also constitute a tensor,
which it does not automatically do. In ordinary differential geometry, this is
solved for in terms of the compatibility condition, i.e. the requirement of the
vielbein to be covariantly constant:

Dy En® = 0y Ex? +Tyun' Ep® — Ex®Qup® =0, (5.17)

with Q54 as the spin connectio With this relation, the spin connection usu-
ally is expressed in terms of the vielbein and derivatives thereof through a re-
striction to zero torsion; enough of an additional constraint for the curvature to
be solved for. However, in exceptional geometry additional components show
up in the affine connection, complicating the procedure.

Torsion and non-torsion

In ordinary differential geometry, the torsion tensor is proportional to the anti-
symmetrised affine connection

Tynp X Diynie, (5.18)

which means that the two first indices in I" are symmetrised when the torsion
is set to zero. This is a consistent constraint that fails in exceptional geometry
as the affine connection contains unconventional parts, not transforming homo-
geneously. Instead, the relevant components need to be divided into two cate-
gories: torsion and non-torsion. The former transforms with the Lie derivative as
ordinary torsion does and can be put to zero, and the latter represents the parts
subject to further examinations and constraints.

In this way, a feature of exceptional geometry is that the torsion is not com-
pletely determined, with respect to the non-torsion part. Non-torsion compo-
nents in I' that are left undetermined by eq. cannot be part of a well-
defined covariant derivative, and need to drop out of the theory (action, su-
persymmetry variations, etc.) for consistency. Either a constraint on the affine
connection needs to be imposed, or the unwanted irreducible representations
thereof need to fall out of the relevant description. In specific, the Ricci tensor
and scalar must be possible to construct from the affine connection in an unam-

biguous way, compare to eq. (5.20).

Consistent tensor formalisms

There exist different approaches to a formulation excluding the undetermined
non-torsion from the theory, equivalent in their effects but slightly different in
their consequences for the interpretation of the theory.

*In a comparison with section note that the conventional notation in extended geometry here
displayed neither refers to superspace components, nor implicitly antisymmetrised indices.
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The most obvious approach, pursued in [40,44], is that it is possible to de-
duce the relevant conditions on the affine connection for it not to contain unde-
termined non-torsion, and apply constraints on it in order to ensure that it does
not. For d < 8, with a torsion set to zero, this translates into the vanishing of the
affine connection in the covariant derivative, fulfilled if

Yun® lor” + Yun"9Tro™ =0, (5.19)

as noted in Paper IIL

On the other hand, it is possible to observe that the affine connection con-
tains no undetermined non-torsion if the partial derivatives 0y in the Lie deriva-
tive are replaced with covariant ones. This leads to the recognition of that there
is a covariant mapping of the covariant derivative between certain modules,
and to the approach of Paper III (d < 7) and [45] (d = 7). The latter was extended
with respect to d in [47]], but for d > 8, the discussion in [51]] gives the so far best
suggestions on how to extend the Lie derivative in a desirable way, specialised
further for d = 8 in [52].

The procedure consists of a classification of between which (pairs of) mod-
ules the covariant derivative is allowed to act; i.e. how a tensor might be altered
by it in a consistent way, without the introduction of undetermined non-torsion
components. The relevant restriction on the theory then becomes a restriction
on the modules involved, rather than constraints on the affine connection. It
presents a geometric solution to the problem in question — how to obtain a
well-defined covariant derivative — and the properties of the affine connection
remain untouched.

Conceptually, the first approach provides torsion-free projections of the affine
connections (one for each d), unique and possible to use in a derivation of the
curvature of the theory. However, the initial connections giving rise to the pro-
jections remain failing with respect to uniqueness, which ought not to be. Only
in d = 4 has a remedy been identified [44], providing a manifestly covariant
tensor formalism. The second approach, on the other hand, removes that issue.
Consequently, while the effects of the two approaches (the results obtainable in
the theory) are equivalent, there is a subtle difference between them, concerning
the treatment of the symmetry of the theory: manifest or not, reflecting upon the
fundamental understanding of what governs the theory.

A useful illustration can be provided by an analogy to Maxwell’s theory,
where the tensor formalism may be described either in terms of the electric and
magnetic fields (E,B), or in terms of 4-tensors. Lorentz covariance is present in
both settings, but while the existence of a manifestly Lorentz covariant formula-
tion is apparent in the first approach, it is not realised in anything but the second
one. In a manifest situation, all components represent tensors under the speci-
tied symmetry transformations, thus constituting a complete tensor formalism,
with no further improvements to be wished for.
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In exceptional geometry, the relevant symmetry is represented either by the
global Fy4)(Z) transformations or (somewhat stricter) the extended diffeomor-
phisms, but the principle remains the same. The geometry of the theory is con-
structed to encode U-duality as a manifest symmetry. An approach where the
theory at a tensorial level is ‘reduced” to a matching between which intermedi-
ate results, obtained from the different forms present in the theory, provide the
correct end result, fails to retain the manifest formulation. Such is the removal
of parts of the affine connection, in contrast to a recognition of where the theory
is consistent.

The value of the approaches in Paper III and [45,47,)52] thus lies in the end
result being given in terms of a tensor formalism with manifest U-duality. It is
also nice to have a slightly more general formulation, valid beyond a specific
d. However, most importantly, a valid tensor formalism exists, despite the non-
torsion problematics, and further properties of the exceptional geometry may
be examined consistently.

Curvature

The presence of a well-defined tensor formalism makes it possible to proceed
with the examination of the curvature in exceptional geometry. The generalisa-
tion from ordinary geometryﬂ to the exceptional extension is fairly straightfor-
ward. However, a Riemann tensor cannot be constructed, because the extended
version does not represent an object transforming as a tensor. The Ricci tensor,
on the other hand, is perfectly well-defined in g © b:

Ryn = a(MF\P\N)P — 3PF(MN)P+

1 1
+ D ?Tpg” — §FPMQFQNP - §FP(MQFN)QP7

(5.20)
with a restriction to vanishing torsion, as pointed out in Paper III (d < 7). It is
the Ricci tensor and scalar that describe the curvature in exceptional geometry.

5.3.3 Dynamics from the tensor formalism

With a consistent geometric formulation and a valid tensor formalism, as at
least mostly provided for d < 8, the next relevant venue of research concerns
the dynamics and the gauge structure of the existing fields. These are in need of
a full classification.

The (extended) dynamics take place in G/H, with G and H representing the
symmetry group and its maximal compact subgroup in the d-compactification,

> Any construction in exceptional geometry ought to fall back on the case of ordinary geometry under
the condition Yarn ' = 0. Likewise, the extended geometry represents a generalisation with respect to a
non-zero projection tensor and the subsequent extended Lie derivative.
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listed in table With an appropriate tensor formalism, local H; covariance
is manifest and represents gauge. However, it is possible to proceed in slightly
different ways to obtain the dynamics and the gauge structure of the theory.
The actual situation is in need of further investigation for a full recognition of
the inherent properties.

The starting point, in a geometric setting, can e.g. either be from the ten-
sor structures observed in relation to the requirements concerning the affine
connection, or from the identified curvature and how it ought to appear in an
action to fit with the unextended theory. The former primarily focuses on the
gauge fields of the compactified theory, while the latter represents an initial at-
tempt at capturing the gravitational dynamics.

Implications from the tensor structure

The identification of between which modules the covariant, extended Lie deriva-
tive is allowed to act consistently, described in the previous section, by default
brings about a recognition of the gauge structure and dynamics of the gauge
fields in the compactified theory. These, as in doubled geometry [123}126|133],
show up in the modules arising from the compactification of the theory, and the
dynamics in the inner directions is naturally limited by the consistent action of
the Lie derivative. From this, both gauge symmetries and field equations can be
deduced.

As such, the observed tensor structure in Paper III and [45,/47, 52] provides
a first recognition of the gauge structure and dynamics. The modules are R,
(n-forms in D = 11) with a structure given by

Rnf 1 Rn Rn+1

Field strength A Field A Gauge parameter (5.21)

As in [46], the investigation can be extended to the supermultiplets associated
with these (known) fields, in a setting with manifest U-duality. The degrees
of freedom in the modules between which transformations are allowed then
set the bosonic matter fields, to which spinor and auxiliary fields are added
in a way suitable to represent the desired supermultiplets. However, this type
of procedure merely deals with the gauge fields known from compactification,
and says nothing about e.g. the properties associated with gravity.

The bosonic action

In order to capture the gravitational dynamics of exceptional geometry;, it is pos-
sible to look to the unextended theory for a representation of the interactions,
which with an accurate extension ought to provide the correct physics. In this
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manner a candidate for the bosonic action is obtainable through a generalisa-
tion of gravity to Fy4 x R*, with the bosonic properties effectively described
by the action

Sp ~ / R, Run =0, (5.22)

in line with the conjecture presented in [40]. Its precise interpretation is com-
plicated by the difficulties in introducing an integration measure (with respect
to the extended metric) without breaking the covariance of the exceptional ge-
ometry theory, with respect to the inner directions (the others are considered a
separate case). For example, a covariant formulation cannot rely on a solution
of the section condition, as the covariance is broken once the section condition
is solved for. Consequently, the treatment of the real, physical space (in gen-
eral) is complicated, as is the issue of how to perform partial integration, partly
discussed in Paper III. The precise appearance of the action remains to be fully
investigated.

However, with the bosonic properties determined, the extension to the ferm-
ionic ones is set, and can be determined, by the extended connection, which
provides the description of the supersymmetry algebra. This was, for example,
shown in the setting of projected affine connections in [43]], and the argument
also holds for the manifest interpretation. Because of this, the fermionic sector is
often termed to follow from the bosonic one, with S constituting the remaining
issue.

5.3.4 Matters of interest

There are many ways of approaching the (relatively) new field of exceptional
geometry, and different opinions of what is important to investigate in it. Some
frequently encountered settings, apart from the geometric approach here pre-
sented, are field theory descriptions concerning strings, the scalar particle, etc.
Regardless of the strategy, the development is promising.

Examples of features remaining to be examined

Effectively, quite a number of interesting venues of research within exceptional
geometry (primarily from a geometric point of view) have already been dis-
cussed in the previous sections of this chapter. The finite transformations, d > 7
examinations of concepts in general and the affine connection (d > 8) in partic-
ular, the action, etc., remain merely partially investigated. However, apart from
those main issues, there exist interesting points to be made concerning features
of the theory which have not been much investigated yet, the ranking of which
of course is individual. Among these are the three examples of:
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— The possibility of an underlying geometric structure, giving rise to the sec-
tion condition in a way similar to an equation of motion.

As previously mentioned, the section condition is necessary for the closure of
the exceptional Lie algebra, and different solutions of it provide dual theories.
This raises the question of if it is a feature, not simply to be identified, but origi-
nating in a more general interpretation of the geometry. Clearly, it is a condition
for the theory to be consistent, and so it may arise naturally from the formu-
lation. The advantage of such a formulation would primarily be the associated
manifest properties, but the concept is intriguing and might give a better un-
derstanding of the observed dualities.

— The description of branes in exceptional geometry and what that may say of
M-branes.

At the beginning of this chapter, one of the most promising lines of investigation
leading up to M-theory (apart from exceptional geometry) was described to
concern the M-branes, with the M5-branes of special interest. The importance
of the M-branes in string and M-theory suggests that a better understanding
of them would provide essential information on the non-perturbative physics
of M-theory. As such, investigations in the setting of the non-perturbative, low
energy limit provided by exceptional geometry ought to be highly relevant for
a better understanding of M-theory, investigations that have been initiated in
terms of brane solutions in [229-231]].

— The formulation of an exceptional supergeometry, geometrically extending
superspace and including both U-duality and supersymmetry.

It would be interesting to see what a theory, extended like exceptional geometry
but based on superspace instead of spacetime, would look like. A theory with
both U-duality and supersymmetry manifestf| would be especially interesting
with respect to maximal supersymmetry. As already mentioned, this type of
formulation might facilitate the identification of characteristics in SUGRA, al-
though the D = 11 theory would not be subject to any change. At least, it might
help in the interpretation of e.g. the UV cancellations. However, the concept
and its applications are much more general. Note that it differs from the super-
algebras existing in EFT much as the pure spinor formalism differs from the
component theory.

At present, it is unclear how to introduce maximal supersymmetry in excep-
tional geometry. The corresponding pure spinor would be infinitely reducible,
and attempts at introducing the concept have so far proven futile. It seems the
geometric setting (of superspace) must be analysed further, perhaps initially in
doubled geometry, as initiated in [232,233]].

®Or nearly so, in the sense of a pure spinor formalism.



5.3 Exceptional geometry 87

General outlook

In total, exceptional geometry constitutes a promising theory growing in in-
terest. It is still at an initial stage, with basic features under consideration and
rapid development. Whereas the geometric groundwork for encoding manifest
U-duality for the most part is laid, further work on higher level components
is necessary. This includes the interesting results connected to tensors, field dy-
namics and branes, many of which have the potential to yield more information
on M-theory. Importantly, M-theory characteristics or the effects thereof still re-
main to be identified. So far, the picture unfolding is in accordance with the
construction, but reasonably new effects ought to show up as well. The theory,
overall, represents a world of possibilities for the deduction of non-perturbative
teatures of M-theory.






Science is built up of facts, as a house is with stones.
But a collection of facts is no more a science than a
heap of stones is a house.

Henri Poincaré

Manifesting characteristics

There is a common thread to much of the discussion in the previous chapters,
discernible to the attentive reader: the theme of manifest constructions with re-
spect to the essentials of the theories, yielding formalisms advantageous for the
investigations of diverse properties. The process of identifying the underlying
structure of a theory is not an easy task, but upon the recognition of the key
features, it is often rewarding to introduce a formulation with the key features
explicitly expressed or, failing that, present in a way where the structures can be
drawn upon to access the true features of the theory. It is an issue of clarity. As
cumbersome as the wrong choice of a description can be, with (insurmountable)
difficulties in proving relations etc., as facilitating the right formulation can be.

There are three steps in this kind of process:
1. Identifying a key property, such as a symmetry.

2. Making that symmetry present in the descriptions in a way as explicit as
possible, preferably manifest (inherent and explicit).

3. Investigating the theory, in a manner compatible with the previous point.

Of these steps, the discussion in this thesis does not particularly address the
tirst point, except in the sense where it equals the third. At the investigation of
any theory, it is important to keep an open mind to what causes the effects, as
that might give clues to further key properties, or at least to possible benefits
from other treatments.

89
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Manifesting properties

The situation in exceptional geometry is a prime example of the second point
above. The formulation of the theory itself is currently under development; al-
though the geometric formulation including the U-duality has been identified,
the finer points on how the theory works with respect to the alterations are
in various degrees of progress towards identification. To fully access the bene-
tits of the formulation, it is important to keep the symmetry manifest and not to
disregard pointers towards possible reinterpretations and overall constructions.
True, properties may be well caught by a description lacking in this sense, but
that cannot be termed to represent a full investigation. As such, the geometric
formulation is at the centre of chapter rather than the associated field theories;
not as a statement of importance, but in line with the conceptual approach of
the work presented in the Papers, influenced largely by my supervisor Martin
Cederwall. Recall the discussion on the tensor formalism of Paper III in section
632

With respect to this argumentation, the pure spinor formalism falls some-
what short, as discussed in section The inherent supersymmetry is not
explicitly present. In addition, the construction may seem somewhat contrived.
However, it does capture the maximal supersymmetry in a manifest way, bar-
ring explicitness of the actual workings of the present supersymmetry. The for-
mer is a requirement, the latter a circumstance yet to be circumvented. It is
a fact that the formalism holds a lot of inexplicit symmetry, e.g. through Q-
equivalence — it is difficult to spot equivalent descriptions, and to recognise
them as such. For the moment, however, it represents the best formulation avail-
able, which is apparent in comparison with other approaches, treating maximal
supersymmetry, and their results with respects to issues where the properties
of the supersymmetry play a central role.

Investigating properties: Born-Infeld theory

With respect to the pure spinor Papers (I, II, IV and V) there are two contexts to
the investigations, with new approaches enabled by the pure spinor formalism.
The first has hardly been mentioned up until now, as it represents a sidetrack
in comparison to the rest. Despite this, it fits completely well with the overall
theme of the Papers.

Paper I concerns the extension of maximal SYM to Born-Infeld theory [57],
which shows up in the low energy limit of string theory as part of the bosonic
half of the theory describing D-branes [58-68]. This (full) theory is interesting
with respect to higher energy physics and M-theory, which indirectly (in a per-
turbative setting) might be analysed in terms of the D-brane properties, a pro-
cess yielding clues to what components and dualities the M-theory ought to
sport. In specific, Born-Infeld theory shows up with respect to the D-branes in
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terms of the Dirac-Born-Infeld action [60]. By the Born-Infeld theory extension
however, we here denote the full bosonic part of the action for the D-branes,
which can be expressed in terms of a series expansion in the slope parameter
(o) [10H13}15,169], with maximal SYM at the lowest order of the relevant per-
turbation theory.

The extension of the SYM theory to a series expansion in o’ was initiated
in [13]] through an identification of the second order (a'?) correction to the SYM
action, representing the first non-zero correction, followed not by the third or-
der [234,235], but a fourth [236]. In Paper I, the result at o> was reformulated
in terms of operators acting on the superfield ¢, making it possible to perform
a full analysis of what, by consistency of the master equation, would represent
the abelian and non-abelian Born-Infeld actions in the pure spinor formalism.
The procedure constitutes a prime example of how to get to the properties of
one theory by extending another (paralleling the situation in exceptional geom-
etry), in order to expand the knowledge of the first theory, a process vital for the
formulation of the target theory, be it Born-Infeld or M-theory.

The Born-Infeld theory itself is only well-known in a component formalism
sense with respect to the abelian theory, where the action is described by an
infinite polynomial. The purpose of Paper I was to investigate the possible sim-
plifications brought about by the pure spinor formalism, with the ultimate goal
of a formulation of the non-abelian action. Although this goal was not reached,
the simplifications were indeed impressive, with an abelian action of only two
terms. Also worth mentioning, is that the actions presented in Paper I are not
strictly proven to directly correspond to the actual Born-Infeld theories. How-
ever, they coincide up to the fourth order in o/, which is a strong indication of
that they represent the relevant theories.

Happily, the investigations of the non-abelian action abandoned in Paper I
were continued in [149,[150]. There, the correct term S; ~ v¢® in the action was
used to devise an iterative procedure for obtaining the infinite polynomial, total
action; a very satisfying result. Note however, that quite a number of the calcu-
lations (preliminary to the S5 discussion) presented there were given, or implicit
by presentation of results, in Paper I.

In total, this nicely illustrates the simplifications brought about by the inher-
ent supersymmetry (if not manifest).

Investigating properties: amplitude calculations

The main topic of the pure spinor investigations in the Papers is the description
of amplitude diagrams in the pure spinor setting. As discussed in chapter[4} this
is far from the only approach to the issue, yet promising with respect to results
on the perturbative behaviour in the UV regime.

The approach is relevant simply for encoding maximal supersymmetry in a
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field theory setting, but the difference between Paper II and IV is also a good
example of the importance of drawing upon the symmetry properties of the the-
ory as much as possible, throughout the investigations. The key development
in Paper IV was the reformulation of the propagator, in specific the expression
for the b-ghost. In the two articles, these entities are ()-equivalent, yet the results
easily identified in Paper IV are difficult to even discern in Paper II — they are
present, but elusive. In Paper IV, the mere choice of pairing derivatives (often
acting on each other with significant implications for the end result) with the
pure spinor, like

(MM D), (6.1)
makes the existence and vanishing of different combinations (more) explicit,
partly by

— symmetries between the (covariant) spinor derivatives.

— two spinor derivatives acting on each other explicitly resulting in the com-
bination of two pure spinors.

To spot the same characteristics by Fierz identities is a messy business, and it
is significant to note that the supersymmetry constraints on the formalism are
tightly connected to the pure spinor, consequently to be exploited to the out-
most.

This (further) illustrates the importance of keeping the key properties of a
theory manifest. Visibility is a central concept. Part of the problematics arising
in the pure spinor formalism ought of course to be the result of a symmetry
not truly manifest in the description. However, this only makes it all the more

important to keep the symmetries (to the degree present) as discernible as pos-
sible.

Summary & outlook

In the investigation of a theory or a property thereof, it is key to catch the essence
of what causes the behaviour:

e By this, it is easier to spot and identify (new) properties.

e Also, this shows an understanding of the theory, truly required for a full
recognition of what it constitutes.

Although, naturally, the first requirement is to recognise cause and effect, through
the intermediate, highly relevant investigations outside the manifest approach.
In total, it represents how science, as we know it, is expanded.

A second relevant discussion on visibility with respect to the pure spinor for-
malism was brought up at the end of chapter 3; the opaqueness of what is going
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on with respect to the component algebra, and the subsequent difficulties in in-
terpreting the results in terms of known concepts for comparisons etc. This is
the major reason for why the results of Paper IV and V remain to be confirmed,
apart from the adequateness of a second opinion. The pure spinor formalism
and the results provided by it in many ways are regarded with slight scepticism
in the general community of high energy physics. In that sense, a breakthrough
is yet to come, though highly anticipated by e.g. Green, who expresses his hopes
for an increased interest each year at the Strings conference. It remains yet to be
seen when (if) he is proven right.

To a lesser degree, the establishment of an approach as a well-known method
of investigation also is relevant with respect to extended geometry. It is a process
equally important to the one of capturing the manifest characteristics in the first
place.
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