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Exploring the Structure of Scattering

Amplitudes in Quantum Field Theory

Scattering Equations, On-Shell Diagrams and

Ambitwistor String Models in Gauge Theory and Gravity

Joseph A. Farrow

Abstract: In this thesis I analyse the structure of scattering amplitudes in super-
symmetric gauge and gravitational theories in four dimensional spacetime, starting
with a detailed review of background material accessible to a non-expert. I then
analyse the 4D scattering equations, developing the theory of how they can be used
to express scattering amplitudes at tree level. I go on to explain how the equations
can be solved numerically using a Monte Carlo algorithm, and introduce my MATH-
EMATICA package treeamps4dJAF which performs these calculations. Next I analyse
the relation between the 4D scattering equations and on-shell diagrams in N = 4
super Yang-Mills, which provides a new perspective on the tree level amplitudes
of the theory. I apply a similar analysis to N' = 8 supergravity, developing the
theory of on-shell diagrams to derive new Grassmannian integral formulae for the
amplitudes of the theory. In both theories I derive a new worldsheet expression for
the 4 point one loop amplitude supported on 4D scattering equations. Finally I use
4D ambitwistor string theory to analyse scattering amplitudes in N' = 4 conformal
supergravity, deriving new worldsheet formulae for both plane wave and non-plane
wave amplitudes supported on 4D scattering equations. I introduce a new prescrip-
tion to calculate the derivatives of on-shell variables with respect to momenta, and
I use this to show that certain non-plane wave amplitudes can be calculated as

momentum derivatives of amplitudes with plane wave states.
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Preface and Acknowledgements

Before I start on the physics, I want to share a little of the humanity behind the

equations.

My doctoral studies have spanned the last five and a half years years of my life,
and have been a transformative experience for me in many ways. As expected, and
as evidenced by this work, I’ve been on a journey of learning about mathematical
physics and about what it means to be a researcher and a scientist. More fundamental
than this for me however has been the accompanying journey of self-discovery; of
learning how to sit alone with my work and with my thoughts and feelings, and how

this has led to personal growth and to healing.

Throughout my studies I've had differing levels of difficulty with my health. During
the first three and a half years I had increasing problems with anxiety and repetitive
strain injury, which impacted on my studies and my daily life. I learnt and adapted,
and through the adversity I kept up reasonably normal levels of functioning. Im-
portantly this was enough to finish my research, and certainly a main part of these
years of my life was a journey of discovery into mathematical physics and the world

of academia.

At the end of my funded period of study the results I present in this work were
already published in peer reviewed journals, which was a strong position for me to
be in. I knew that what remained for me to finish my doctorate was to combine
my papers together, review the literature and edit what was left until it became a

complete piece of work. Knowing that my results were already certified gave me the
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sense of safety I needed to face the depth of my suffering and disability, and it was

at that time that the symptoms of my medical conditions came to a peak.

I became aware that my previous anxieties and repetitive strain injury were rooted in
amnesia, post-traumatic stress disorder and related damage to my nerves and spine.
These are serious conditions, and I found myself disabled around that time in many
ways. Among other things I couldn’t walk more than a few meters, couldn’t interact
with people under normal social circumstances, was unable to use a computer,
and some months was unable even to focus my eyes on anything without causing
migraines. The last two years then have been a different journey for me, of coming

to terms with disability and of healing from trauma.

All these changes and restrictions that I slowly found happening to myself and my
body have had a big impact on my life. I had accepted a postdoctoral research
position starting after my funding finished which I had to turn down, and I've had to
take most of the last two years away from working on research to manage my health.
Spending that time on healing was both a great decision and the only possible
decision, and though I'm not at full health now as I write, I'm making good progress

towards a normal level of functionality.

So I've found the last few years of my life to be challenging in many ways, and with
each challenge I've overcome I've grown a little stronger. I've had to learn how to be
weak and vulnerable, how to reach out, how to listen. I’ve found that both healing
and research have involved a deep process of introspection, teaching me to focus
closely on myself and find out which parts are wholesome and beneficial, and which

parts have been harmful and needed to change.

Integral to that process of personal growth has been the opportunity I've had to
study for a PhD. It’s given me the time I've needed to meet my demons and to
start to learn a little about how to let them go in peace. As my studies draw to a
close I'm able to carry so much more of my humanity out in the open than I could
have when I started, and that’s something that will always be with me and that I'll

always be grateful for.
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Wallace. Crucial to the process also has been the support that I've had from my
friends Will Monks and Joe Warriner in understanding the writing process and how

to bring a project to completion.

Next I want to express my gratitude to my supervisor, Arthur Lipstein. Arthur has
been a guide and a father figure to me in the worlds of academia and mathematical
physics, and he’s also been a great friend, supporting me through some of my darkest

times during the last couple of years.

I also want to acknowledge those friends and colleagues who have supported me
academically in my studies. I was fortunate enough during my degree to attend a
number of different conferences and meet many different students and academics, so
here are just a few of the people who helped me learn something relevant to this work.
My thanks goes to my second supervisor Paul Heslop as well as Simon Badger, Jake
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Fei Teng, Giulio Salvatori and Ricardo Stark-Muchao.
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family around me who have supported me in many different ways, from chatting with
me when I've been low to offering me their hospitality when I've needed somewhere
to stay, and everything in between. Thank you Will Monks and Lilac Yosiphon,
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The Tao that can be named is not the true Tao

— from Tao Te Ching by Lao Tse

The most precious opportunity presents itself when we come to

the place where we think we can’t handle whatever is happening

— from When Things Fall Apart by Pema Chodron
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Chapter 1

Introduction

1.1 Literature Review

I start with a review of the relevant literature, to show where my research sits within

the wider body of knowledge in the field !.

The development of new mathematical techniques for calculating scattering amp-
litudes has lead to important advances in the range of accessible calculations, allowing
for computations with more external states and higher loop order. In the 1980s the
introduction of spinor helicity notation gave way to new simplified computations
of four dimensional amplitudes which previously had seemed intractable, for ex-
ample [5, 6, 7]. In recent years there have been many advances in the set of technical
tools that exist for calculating perturbative scattering amplitudes. Key tree-level
techniques include recursive methods for calculation of higher point amplitudes from
lower point inputs, known as BCFW (Britto, Cachazo, Feng and Witten) recur-
sion [8, 9], expression of n-point S-matrices in terms of a sum over the solution
of algebraic scattering equations [10, 11], and the formulation of field theory amp-
litudes in terms of string worldsheet calculations, initially developed in twistor string

theory [12, 13, 14], and more recently in ambitwistor string theory [15, 16]. Both

INote that this literature review is up to date only as of March 2019, due to an extended period
of illness starting from that date



2 Chapter 1. Introduction

twistor string and ambitwistor string theory are string models whose spectra contain
only field theory degrees of freedom, and hence their worldsheet S-matrices calculate
scattering amplitudes in quantum field theory. In this work I focus on scattering
amplitudes in gauge theory and gravity, of which two specific theories stand out.
N = 4 super-Yang-Mills and N' = 8 supergravity are believed to be the simplest
quantum field theories in four dimensions, for a number of reasons. The planar scat-
tering amplitudes of N’ = 4 super Yang-Mills enjoy Yangian symmetry, which is a
hallmark of integrability [17], and the loop amplitudes of N" = 8 supergravity exhibit
unexpected UV cancellations which suggest that the theory may be perturbatively
finite [18].

One of the first n-point amplitudes calculated in any theory was the Parke-Taylor
form of the Yang-Mills tree-level MHV amplitude [7], which inspired a description
in terms of 2D current algebra [19]. This idea was then generalised to N' = 4
super Yang-Mills amplitudes[12, 13], who proposed a worldsheet model for N/ =
4 super Yang-Mills known as twistor string theory. The correlation function of
worldsheet vertex operators in twistor string theory give rise to an elegant formula
for tree-level amplitudes in terms of integrals over curves in twistor space [14]. The
spectrum of the theory was also found to calculate A/ = 4 conformal supergravity
amplitudes[20] which can be seen as a mixed blessing, allowing for calculation of
amplitudes with these states but making computations in pure N' = 4 super Yang-
Mills at loop level more complex in this framework. Twistor string theory allows
for the calculation of NV = 4 conformal supergravity amplitudes, but the Yang-Mills
and conformal supergravity amplitudes decouple from one another only at tree-level,
so the conformal supergravity states in the spectrum obstruct calculation of loop

amplitudes in N/ = 4 super Yang-Mills.

A similar worldsheet formula for N' = 8 supergravity was found in[21], following
the discovery of a gravitational analogue of the Park-Taylor formula by Hodges [22].
Cachazo, He and Yuan extended the formula of [21] to a framework for calculating

tree-level scattering of particles in arbitrary dimensions for a wide variety of non-
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supersymmetric gauge and gravitational theories in terms of a unified set of scattering
equations[11, 10, 23], which T will refer to as ‘general d scattering equations’ in this
work. In the CHY framework, tree-level amplitudes for different theories of massless
particles are supported on the solutions of these scattering equations, which were
first discovered in the context of ordinary string theory in [24, 25]. Ambitwistor
string theory is the worldsheet theory underlying CHY’s formulae, and was first
constructed by Mason and Skinner [15]. Different worldsheet matter content in
ambitwistor string theory corresponds to different spectra, allowing for CHY formulae

for different quantum field theoretic amplitudes.

The power of the spinor helicity formalism in four dimensions along with the gener-
ality of the scattering equation formalism were combined to produce 4D ambitwistor
string theory in[26, 27]. This model gives a worldsheet description for the tree-level
S-matrices of Yang-Mills theories and Einstein gravity which are manifestly super-
symmetric for any number of supersymmetries A'. They are supported on refined
scattering equations which are graded by helicity degree, which I refer to as ‘4D
scattering equations’ in this thesis. The formulae arising from 4D ambitwistor string
theory are closely related to those arising from twistor string theory [19, 12, 13, 14, 21].
Amplitudes arising from 4D ambitwistor theory can be related to those of twistor
string theory by integrating out the moduli of curves in twistor space from the

twistor string representations [28].

Ambitwistor string models are critical in ten dimensions, and one-loop amplitudes
in 10D ambitwistor string theories were first proposed in [29], with work also done
in [29, 30, 31, 32]. In these original works the loop level scattering equations are
written on the torus in terms of elliptic functions, but they can also be formulated
in terms of rational off-shell scattering equations on the Riemann sphere [30, 33].
The 10D ambitwistor formulae have been further extended to two loops in [34], but
finding a framework to calculate loop integrands for any theory in an intrinsically 4
dimensional setting using 4D ambitwistor string theory or the original twistor string

has proven a difficult task.
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Like the Berkovits-Witten twistor string, the 4D ambitwistor string for N' = 4
super Yang-Mills contains conformal supergravity in its spectrum, in particular a
non-minimal model of N' = 4 conformal supergravity [35] which has a coupling
between the Weyl tensor and scalar fields of the model, unlike in the original min-
imal conformal gravity[36]. Conformal supergravity has a number of undesirable
features, most notably that it is not unitary. However there are still a number of
reasons why it is interesting theoretically; it is renormalizable and can be made UV
finite if coupled to N' = 4 super Yang-Mills [37, 38], and it is possible to obtain
classical Einstein gravity with cosmological constant by imposing Neumann bound-
ary conditions on conformal gravity [39, 40, 41]. This relationship between Einstein
gravity and conformal gravity was used to find twistor string formulae for scattering
amplitudes of Einstein supergravity in flat space [42, 43]. Conformal supergravity
amplitudes were first studied in [20, 44, 45, 46, 47, 48|, and more recently have been
shown to arise from taking the double-copy of super-Yang-Mills with a new (DF)?
gauge theory [49]. An ambitwistor string description of the (DF)? theory was sub-
sequently found and used to deduce a CHY formula for conformal gravity amplitudes
in general dimensions in [50]. Einstein gravity in de Sitter or anti de Sitter space
in four dimensions was shown to have an embedding in conformal gravity in [39],
providing motivation to study the amplitudes of conformal gravity and leading to
proposals for worldsheet formulae for scattering amplitudes on these backgrounds in
[51, 52]. These formulae suggest that amplitudes in anti de Sitter space should have
some analogue of the double copy structure found in flat spacetime, as explored in

53, 54, 55].

Formulae supported on scattering equations have been successful in representing
and calculating abstract theoretical properties of amplitudes such as soft limits [56,
57, 58, 59, 60], collinear limits [61] and relations between the S-matrices of different
theories [23, 62]. Direct evaluation of amplitudes by solving the scattering equations
is difficult, and some approaches solve the integrations by different methods[63, 64].

The equations have (n — 3)! solutions at n points, and it is likely that finding all
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of these solutions analytically for generic kinematics is not possible. Calculating
amplitudes in this framework then becomes a primarily numerical problem, which

has been addressed in the literature only for the general d equations.

On-shell diagrams were first proposed in [65], providing a diagrammatic framework
to express BCFW recursion in planar N' = 4 super Yang-Mills at all loop orders.
This allows the n-point [-loop integrand to be calculated recursively in terms less
complex integrands, and ultimately to be built up out of 3-point vertices [8, 9, 66].
Unlike Feynman diagrams, on-shell diagrams do not contain virtual particles, and
are named for the fact that all internal lines are on-shell. They were first developed
in the context of planar NV = 4 super Yang-Mills [67] where they revealed an underly-
ing Grassmannian structure, suggesting a geometric interpretation of the scattering
amplitudes of the theory as the volume of an object known as the Amplituhedron
[68]. On-shell diagrams can be extended to Yang-Mills theory with N' < 4 super-
symmetries by introducing a physical orientation to the diagram representing the

helicity of the superfield corresponding to each internal edge [69].

More recently, on-shell diagrams have been developed for tree-level amplitudes in
N = 8 supergravity, revealing new connections to planar A = 4 super Yang-Mills [70,
71]. Tt is possible to compute N = 8 supergravity amplitudes by decorating planar on-
shell diagrams and summing over permutations of the external legs, giving rise to new
Grassmannian integral formulae. Although it is possible to extend BCFW recursion
to all loops in planar A = 4 super Yang-Mills, and work has been done in Yang-Mills
theory at one loop [3], it is not known how to generalize this to higher loops in Yang-
Mills or other theories such as N/ = 8 supergravity. Recent progress in this direction
has been made using Q-cuts [32], which are intrinsically d > 4 dimensional and give
rise to formulae closely related to those of 10D ambitwistor string theory. Current
work exists relating worldsheet expressions from the twistor string to recursive
formulae arising from BCFW [28, 72, 73|, showing deep connections between the

two approaches.
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1.2 Overview of this Thesis

In this work I explore the structure of scattering amplitudes in quantum field theory,
building upon recently developed techniques for calculating amplitudes. I develop
a deeper understanding of the 4D scattering equations, on shell diagrams and 4D
ambitwistor string theory, and how these computational methods can play a role in
understanding the properties of scattering amplitudes in A/ = 4 super Yang-Mills,
N = 8 supergravity and N = 4 conformal supergravity. I start by giving a review of
the background material necessary to understanding these computational methods

and the scattering amplitudes of these theories in Chapter 2.

The 4D scattering equations have given rise to many different results in understand-
ing scattering amplitudes, but prior to this work there has been no clear set of
analytical and numerical results in the literature detailing how to use them to calcu-
late amplitudes, and what subtleties must be addressed in this framework. I start
this work by addressing these questions in Chapters 3 and 4, which are based on
my work from [1]. T use these results to develop an understanding of the scattering
amplitudes of N' = 4 super Yang-Mills, N' = 8 supergravity and N' = 4 conformal
supergravity in Chapters 5, 6 and 7. In Chapter 3 I explain the analytical framework
required for understanding the details of the 4D scattering equation formalism, and
I provide details of how to find full sets of solutions for a given set of numerical

momenta and MHV degree by Monte Carlo algorithm in Chapter 4.

To understand the problem of numerical solutions to the 4D scattering equations, it
is helpful to first review numerical methods for the general d scattering equations.
These equations can be reduced to a simplified polynomial form [74] which is tractable
numerically in MATHEMATICA using NSolve up to 9 points on a standard laptop,
and CHY provide an algorithm for finding individual solutions at higher points [11],
but there are difficulties finding all solutions in this way. The 4D equations do not
currently have an equivalent simplified polynomial form and depend on a larger set

of variables than the general d equations, and as such NSolve cannot solve them
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above 7 points. There exist published MATHEMATICA packages for evaluation of
tree level amplitudes using BCEW[75, 76], but to date there have been no equivalent
packages for calculating amplitudes using the scattering equations either analytically
or numerically.[77] provide an algorithm for calculation of amplitudes in the CHY
formalism numerically without directly solving the scattering equations, but no
explicit implementation is given. Alongside my work from [1], and hence building on
the material from Chapters 3 and 4 of this thesis, I developed the MATHEMATICA
package treeamps4dJAF. treeamps4dJAF is included with the arXiv submission of
[1], and can be used to calculate amplitudes analytically in the MHV sector and
numerically for general N¥*MHV at tree level using the 4D scattering equations.
Previously available MATHEMATICA packages for calculating scattering amplitudes
focused on Yang-Mills theory, and treeamps4dJAF provides the first explicit publicly
available algorithms for calculating Einstein supergravity and N' = 4 conformal

supergravity amplitudes at tree level.

On-shell diagrams are an alternative method to calculate scattering amplitudes,
most notably in N/ = 4 super Yang-Mills. The relationship between worldsheet
formulae arising from twistor string theory and Grassmannian integral formulae
coming from on-shell diagrams has been explored previously in [28, 78, 72, 73|, and
in Chapter 5 of this thesis I extend this analysis to understand how expressions
supported on 4D scattering equations arising from 4D ambitwistor string theory can
be related to those coming from on-shell diagrams. This shows how the seemingly
disparate Grassmannian and worldsheet integral structures are related at tree-level,
and provides a starting point to address the long-standing problem of finding a
manifestly 4D worldsheet formula describing the integrands of scattering amplitudes

in N = 4 super Yang-Mills at loop level.

I start Chapter 5 by deriving Grassmannian integral formulae for tree-level MHV
amplitudes in N' = 4 super Yang-Mills using on-shell diagrams, and map these to
an expression supported on 4D scattering equations, based on my work from [2].

This calculation is particularly straightforward due to the fact that there is only
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one solution to the 4D scattering equations in the MHV sector, which leads into the
more complex analysis necessary to understand NMHV amplitudes in this setting.
In the NMHYV case it is necessary to specify a contour in the Grassmannian which
will depend on the method used to compute the amplitudes, and for the 6-point
NMHYV amplitude I show that the three contributing on-shell diagrams correspond
to residues of a single top form in the Grassmannian and can subsequently be
encoded in a Grassmannian contour integral. This contour integral can then be
mapped into an expression supported on 4D scattering equations using a global
residue theorem. I then move to loop level, finding that on-shell diagrams can be
used to obtain a new worldsheet formula for the 1-loop four point amplitude of
N = 4 super Yang-Mills, which is manifestly supersymmetric and supported on 1-
loop scattering equations refined by MHV degree. Finally I go on to find the solution
to the equations explicitly, solving the worldsheet integrals to give the standard form
for the integrand in momentum space, based on my work from appendix C of [3].
This result is notable in that the worldsheet expression directly evaluates to the
integrand with quadratic propagators in momentum space compared with the less
standard linear propagators arising from previous approaches to 1 loop scattering
equations [30], and lead to new worldsheet formulae for n-point 1-loop integrands

with quadratic propagators in a variety of theories in [3].

In Chapter 6 of this thesis I extend the theory of on-shell diagrams in N' = 8
supergravity, also based on my work from [2]. Previous work on on-shell diagrams
in N = 8 supergravity calculated only 4 and 5 point amplitudes [70], and I give an
expression for the full n-point MHV amplitude calculated in two different ways; the
first giving the inherently non-planar Hodges matrix, and the second producing the
BGK formula [79] as a sum over permutations of a planar sector of diagrams. The
methods I develop to map worldsheet formulae to Grassmannian integrals in N = 4
super Yang-Mills in Chapter 5 naturally extend ANV = 8 supergravity, producing the
Hodges matrix expression for the MHV amplitude as a Grassmannian integral. I

then go on to study 6 points NMHV, where I find that the three decorated planar
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on-shell diagrams from which the full amplitude can be derived do not correspond to
residues of a single top form, as they do in N' = 4 super Yang-Mills. From it is not
clear how to relate the Grassmannian contour integral expression for the amplitude
obtained using on-shell diagrams to the worldsheet integral formula supported on
4D scattering equations using the global residue theorem, and new methods are
necessary to show the correspondence, possibly using non-planar on-shell diagrams.
Finally T use the fact that it is possible to describe the 1-loop 4-point amplitude of
N = 8 supergravity using a decorated on-shell diagram [70] to derive a worldsheet
formula in this case, analogously to the calculation in A" = 4 super Yang-Mills in

Chapter 5.

4D ambitwistor string theory provides the underlying mechanism to derive worldsheet
expressions for scattering amplitudes supported on 4D scattering equations for a
number of theories, notably super Yang-Mills and Einstein supergravity. This leaves
a clear open problem, which is to find other theories whose tree-level S-matrices can
be supported on 4D scattering equations. In Chapter 7 of this work I extend 4D
ambitwistor string theory to calculate scattering amplitudes in A/ = 4 conformal
supergravity, giving concise supersymmetry covariant worldsheet expressions for the
scattering of plane-wave graviton multiplets, based on my work from [4]. I find
from this that a key feature of the amplitudes in this theory is that the number of
negative helicity superfields is not in general equal to the Grassmann degree of the
superamplitudes, as is the case for super Yang-Mills and Einstein supergravity. This
means the MHV degree of the amplitude could be defined either as the number of
negative helicity superfields scattered or as the Grassmann degree of the superamp-
litude, and I choose to define the MHV degree of the amplitude as the Grassmann
degree as this definition better reflects the structure of the 4D scattering equations.
For MHV amplitudes the worldsheet formula reduces to the one previously derived
by Berkovits and Witten [20], and for general k the formula can be readily evaluated
numerically using the methods I developed in Chapter 4. I use treeamps4dJAF to

compare amplitudes calculated in this framework to results obtained from Feynman
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diagrams and double copy techniques developed in [49] up to 8 points, checking cases

in all MHV sectors.

Since the equations of motion for conformal gravity are fourth order in derivatives,
they also admit non-plane wave solutions of the form A - ze?** for the graviton
multiplets of the theory, which I explain in Chapter 2. Vertex operators for these
non-plane wave states were previously proposed in twistor string theory [45] for
A? =0, and I find the analogous 4D ambitwistor vertex operators for these states
in Chapter 7. These new vertex operators allow scattering of non-plane wave states
with unrestricted A, and I find them to have a more compact and natural form
than those of twistor string theory. Computing non-plane wave amplitudes using
4D ambitwistor string theory is computationally more complex than for plane wave
modes, requiring the introduction of source terms in the path integral which leads
to deformed scattering equations which I explain in detail. Using these results I find
worldsheet formulae for the scattering amplitudes of non-plane states written in terms
of derivatives with respect to the spinor degrees of freedom of the external states of
the amplitude. Previous calculations of such amplitudes in [45] were restricted to
3 points, and with the methods developed in this thesis I develop some non-plane
wave amplitudes at n-points. Finally I develop a prescription for taking momentum
derivatives of spinor variables with respect to corresponding the off-shell momentum,

which allows me to express the non-plane wave amplitudes as momentum derivatives

of amplitudes with plane wave states.

In Chapter 8 I conclude the work of this thesis and provide possible directions for

future research.



Chapter 2

Background Material

In this chapter I aim to provide a concise, comprehensive overview of the physical
concepts and mathematical frameworks necessary to understand my results in the
following chapters, and to make my notations and conventions clear to the reader.
My intention is for this material to be accessible to a reader with some background in
mathematics and physics, but who may not be familiar with the study of scattering

amplitudes in quantum field theory.

2.1 Scattering Amplitudes in Relativistic

Quantum Field Theory

Relativistic quantum field theory describes the interaction of particles as the quant-
ized excitations of a field in a d dimensional space-time, combining quantum mech-
anical and special relativistic physics into a single consistent theoretical model.
Quantum field theory is most widely studied in Minkowski spacetime, which I de-
note M generally or M4(R) or M?(C) depending on whether the coordinates are
real or complex, and which I specialise to in this thesis. Spacetime manifolds are
defined in terms of a metric tensor g,, which defines distances between points, and

any coordinate transformations leaving the metric invariant are considered sym-
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metries of the spacetime. The more symmetric a spacetime is the more tractable
calculations will be in a given quantum field theory defined on that spacetime, and
the maximum number of coordinate symmetries in a d-dimensional manifold is @.
Minkowski spacetime M? has metric (1,,) = diag(—1,1,...,1) which is invariant un-
der linear transforms which form Lorentz symmetry group SO(d — 1, 1) of rotations
and boosts, as well as having translational symmetry in each of the d spacetime
dimensions. Hence M? is maximally symmetric with @ symmetries, and the
full spacetime symmetry group of M? is known as the Poincaré group. Spacetime
coordinate symmetries can be extended past this maximal limit in two ways by al-
lowing for additional types of transformations; the first is known as supersymmetry
which introduces extra Grassmann odd degrees of freedom to the manifold and is
discussed in Section 2.3, and the second is conformal symmetry which allows for

symmetries to be defined in terms of coordinate transformations which leave the

metric invariant, and is discussed in Section 2.6.

Particle excitations of the fields each carry a spin s’ € % which is related to how their
fields transform as representations of the Lorentz group, and states with integer spin
are represented by Grassmann even fields and are called bosons, with half-integer spin
particles represented by Grassmann odd fields and called fermions. Most calculations
in this work will be for bosonic fields, with any fermionic calculations related to
the bosonic amplitudes as a result of supersymmetry, as explained in Section 2.3.
Another key property of any given state is its rest-mass m, and in this in this thesis

I will consider only massless particles with m = 0.

Scattering amplitudes are among the most fundamental computable quantities in
any quantum field theory, providing an important link between theory and experi-
ment. They are the basic building blocks for the calculation of the scattering cross
section, which is the main physical observable used to model the scattering processes
which underlie particle collision experiments [80, 81]. The scattering process then
is modelled in this setting by a collection of particles which start in the infinite

past in non-interacting quantum states, interact with each other during finite times
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and finish in non-interacting states in the infinite future. The scattering amplitude
is the mathematical structure describing the interaction, and is a complex number
describing the probability amplitude that a specified set of initial quantum states
will interact to result in a given set of final state. As such the amplitude is a Lorentz
invariant function of the quantum states at the beginning and the end of the process,
most notably depending on the relativistic momenta of the particles as well as any

coupling constants of interaction terms in the Lagrangian of the theory.

The quantum states at the beginning and end of the scattering process are well
separated and as such are non-interacting, which means they solve the linearized
equations of motion for the relevant quantum field. For a spin zero field ¢(z), a spin
one Yang-Mills field Af.(z), and a spin two gravitational metric perturbation h,, (),

the standard linearized equations of motions after fixing any gauge symmetries are

Oo(z) =0, OA%(z) =0 and Oh(z) =0, (2.1.1)

with a basis for solutions with standard boundary conditions given by momentum

eigenstates in the form of plane waves.

P(z) = goe™*, OAS(x) = et etk and Dhw () = €e™. (2.1.2)

In

Scattering amplitudes are often considered only for plane wave states such as these,
but in this thesis I also consider states with more complex boundary conditions in
conformal supergravity coming from 4th order linearized field equations, discussed

in Section 2.6.

The quantum state of the particle before and after the interaction is then described
by its momentum and polarisation structure, and the momenta k; and polarisation
¢; of the 7th particle will be the key variables that the scattering amplitude depends
on. As the particles are massless these equations of motion enforce that k? = 0, and

they are hence on-shell in the sense of Einstein’s famous mass-shell relationship.

The polarisation vectors in equation (2.1.2) are defined only up to a choice of



14 Chapter 2. Background Material

gauge for any gauge symmetries of the theory, and are defined uniquely only after
gauge fixing. For spin 1 particles the polarisation vectors the gauge symmetries
and equations of motion of the theories [82, 83] remove two degrees of freedom and
result in a total of d — 2 linearly independent polarisation vectors in d dimensions.
This basis of polarisation vectors transforms in the fundamental representation of
the little group, which is the subset of Lorentz transformations which leave the
state’s momentum vector invariant, and the little group for massless particles in d
dimensions is SO(d — 2). Spin 2 particles carry a rank 2 polarisation tensor, which
can be written as a product of the polarisation vectors for spin 1 as described in

Section 2.5.

Scattering amplitudes are defined in the S-matrix formalism where they can be
considered as components of the scattering matrix or S-Matrix, which is an operator
in the quantum field theory which evolves the initial quantum states before a collision
to the final states afterwards. The S-matrix of a theory can be constrained by the
axiom of unitarity, which requires that the probabilities for all possible outcomes of
a given scattering process add up to 1. The outcomes of the process then form a
consistent probability space, such that no information can be lost. In the S-matrix

formalism unitarity requires STS = 1 so that S is a unitary operator.

The probability of an initial set of quantum states (initial| evolving to a final set of
states |final) is then given in terms of the S-matrix by | (initial|S|final) [*. Any process
involving n total states both incoming and outgoing can calculated using a simple
transformation from the process which takes n incoming particles (1,2, ..., n| to the
vacuum |0) [80], so the interaction can always be considered as | (1,2, ...,n]S|0) [*. To
define the scattering amplitude from S it is necessary to subtract out the probability
that the particles pass through one-another without interacting, and to accommodate
for this S-Matrix can be split up into S = 1+ 47 . The scattering amplitude is then
defined as

A= (1,2,..,n|T]0). (2.1.3)
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The integer n counting the number of states in the process is referred to as the
number of points of the amplitude, and for an n-point amplitude I define .4 to be
the set of all of the particle labels, so that 4" := {1,...n}. Amplitudes are often
cyclically ordered, and in these cases I define any choice of labels which is greater

than n by division modulo n, so that if £k € 4" then n 4+ k ~ k.

The translational part of the Poincaré symmetry group of Minkowski spacetime
results in overall conservation of momentum in the scattering process, > ,c 4 k; = 0.
Defining P := 3",c 4 k; this is encoded in the scattering amplitude with a Dirac delta

function 0(P), and the amplitude can always be expanded as

A = 5d(P)A(g, (ph €1, QI)a (p27 €2, QQ>7 ceey (pn, €n, %1))7 (214)

where ¢; denotes any additional quantum numbers defining particle state i. I use
a simplified notation A(g;1...n) to describe this functional dependence, with the

particle label implying the information about the quantum states of each particle.

The classic approach to calculating scattering amplitudes is to relate (1,2, ...,n|7|0)
to an correlation function of n field operators in the quantum field theory using
the LSZ formula [80, 82], and to expand the path integral for that correlation
function perturbatively to give the amplitude to different orders in the coupling
constant g. This expansion can be expressed diagrammatically as a sum over all
possible Feynman diagrams, which are graphs whose edges are called propagators
and are calculated from the kinetic terms in the Lagrangian of the theory, and
whose possible vertices are calculated from the interaction terms. The assumption
of unitarity enforces bounds on the large momentum behaviour of the propagators

and scattering amplitudes of the theory [84].

This approach has largely been superseded by newer techniques for calculating the
amplitude, and in this thesis I will focus on computational frameworks known as on-
shell diagrams, scattering equations and ambitwistor string theory. These techniques

still rely on the perturbative expansion in terms of the coupling constant of the theory,
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which can be written as

A(g;1..n) = A1 ...n) + gAD (1 ...n) + 2AP(1...n) + O(g?). (2.1.5)

The zeroth order term in the perturbative expansion is known as the tree-level
amplitude because the topology of Feynman diagrams at this order contains no
closed loops. Higher order terms of degree L contain L closed loops, and each loop
corresponds to an integral over off-shell momentum space. The Feynman diagram
expansion shows that both tree-level amplitudes and the integrands of loop level
amplitudes are rational functions, with the tree level amplitudes depending only on
the on-shell momenta defining the scattering states, which the the loop amplitudes
depend additionally on the off-shell loop momentum. In this thesis I consider
mostly tree level amplitudes with some calculations at one loop, where the one-loop

amplitude can be written as a loop integral as

AD(1 . p) = /dd€ T(6:1...n) (2.1.6)

The loop integrals in scattering amplitudes above tree level diverge in general either
in the UV or the IR regime and these divergences must be regulated. Dimensional
regularisation is the most common way to regulate divergences at loop level which
requires taking the dimension of the spacetime away from d by small amount an
taking a limit back to d dimensions, although I will not make use of dimensional

regularisation in this work.

2.2 Specialising to 4 Dimensions of Spacetime

While it is possible to calculate amplitudes in general dimensions, four dimensions
of spacetime is the most physically relevant and nearly all calculations in this thesis
will be for d = 4. The structure of scattering amplitudes is richer in four dimensions,

allowing for more complex calculations at higher number of points and loop order,
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although regulating loop integrals is generally done by taking the dimension of the
spacetime slightly away from d = 4. This additional structure stems from the fact
that the Lorentz group factorises in four dimensions into two copies of SU(2), so
that SO(3,1) ~ SL(2), xSL(2)g. In this thesis I refer to the two copies as SU(2), for
left and SU(2)g for right to distinguish between them, and I use &, B, ... for indices
in SU(2),, and a, f3, ... for indices in SU(2)g.

This splitting means that any representation of SO(3,1) can be classified as a choice of
representation for the left and right copies of SU(2), which results in a more powerful
framework than in general dimensions of spacetime because the representation theory
of SU(2) is particularly simple. Each representation of SU(2) is defined by a choice of
one natural number for the number of indices in the fundamental representation the
representation carries, and then a general representation of SO(3,1) can be written
as a choice of two natural numbers. The fundamental representation of SO(3,1) is
then (1,1) which corresponds to a spacetime vector, and the mapping in between

vectors in SO(3,1) and the two fundamental SU(2) indices of (1,1) is given by the

ac
7

4D Pauli matrices, o;® = (1%¢, o8

¢ ) where o; are the standard

)and ot = (Lag, 0
3D Pauli matrices. Hence any vector in SO(3,1) can be written as a rank 2 tensor

with one index in SU(2), and one in SU(2)g, so that
kA = ok, or koo := b kM. (2.2.1)

Note that the indices are always ordered so that when they are upper the dotted

index comes first, and when they are lower the undotted index comes first.

The Minkowski inner product of two vectors z and y is then given by z-y = 2%y, =
Tr(zy), and so the norm of a vector k is given by k - k = k%k,4 = det (k%*). Then
any massless vector must satisfy det (k**) = 0, which implies that massless k can be
written as the product of two Grassmann even spinors, one in the fundamental of
SU(2);, and one in SU(2)g. In this thesis I will refer to the spinors corresponding
to the momentum vector for external state i € .4 of an amplitude as |i]* € SL(2)y,

and (i|* € SL(2)1, where in M*(R) the two spinors are related by |i] = (i|" with
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the conjugate transpose. It will be important at some points to package the spinors
up into two 2 x n matrices, with the first index ranging over the spinor degrees of
freedom and the second over the number of particles. In these cases, I will use the
notation A = (A%) = ((i|*), and X\ = (A¥) = (]i]*). Sometimes the spinors will not
be specific to the external data a given particle, and then I will refer to them as ‘:\]
and (|, where the X is now the variable name for the spinors and is not related to

the external data of an amplitude.

The splitting of a massless 4-vector into two spinors can then be written as either
ki = [d] (i] := (4" (i]%) or ki = i) [i = (Ja),, [i]”,  (2.2.2)

where in this notation i) and [i] are two component column vectors and (i| and
[i| are two component row vectors, so that the tensor product in equation (2.2.2)
matches the matrix multiplication. Massive vectors can also be represented in this
formalism as a sum of two massless vectors. Any amplitude for massless particles
written as a function of momentum vectors k; must take into consideration the mass
shell constraint k? = 0, but can be written as as an unconstrained function of |i
and (7. Removing the need for quadratic on-shell constraints in the representation

of the amplitude can simplify their algebraic expressions significantly.

The amplitude is Lorentz invariant and so it is necessary to construct Lorentz
invariant functions of the spinor variables. There is an invariant rank 2 tensor
in SU(2) given by € = (% ), which exists in SU(2);, as (€*?) = (€sa) = ¢, and in
SU(2) g as (¢74) = (€45) = €. These tensors can be used to map from the fundamental
representations of SU(2), and SU(2)g to their corresponding dual spaces, motivating

the following definition for the dual spinors

(il = (eli)” il = (eli))” (2:2.3)

Then SU(2) invariant products are defined by matrix multiplication of the row

vectors in the dual space with the column vectors in the fundamental representation,
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so that
(ig) == (il 17) = det(|d) [7)) = |i)" 15)* = |1)* |5)"

(i) = [il 1] = det(Ji] |j)) = d]" 13]” = [d)" 13"

(2.2.4)

noting that this is equivalent to the calculation of a two by two matrix. Lorentz
invariant products of two null vectors can be constructed from the spinor brackets
as

2%; - k; = (i) [4i] . (2.2.5)

Relaxing the constraint that |i] = (i|" reveals additional structure in the represent-
ation of scattering amplitudes, and allowing the two spinors to be independent of
one another corresponds to complexifying the spacetime. The relationship for the
Lorentz group then becomes SO(3,1)¢ ~ SL(2);xSL(2)g, and I will work mostly

with complexified momenta in this thesis.

The specialisation to four dimensions also simplifies the representation of polarisation
vectors significantly, due to the particularly simple structure of the little group in
4D. The little group for null vectors in complexified 4D spacetime is GL(1), which

acts on the spinors as

(17], (i]) — (7], = (i]) a € GL(1), (2.2.6)

i
leaving the vector k; = |i] (¢| invariant. The representations of GL(1) are specified
by a single integer, which means that the helicity of a massless particle in 4D can
be used to specify its polarisation structure, up to freedom of gauge choice. Spin
one particles are restricted to a polarisation of either e or €~ corresponding to
positive or negative helicity, and spin two particles similarly have polarisation e+
or ¢ . The forms of these polarisation vectors are given explicitly in terms of the
spinor variables in [83], and depend on a reference spinor which encodes the gauge
freedom. As a result of this the momentum and polarisation state of a spin one or

spin two particle can be fully specified by a momentum and a choice of +, and hence

the functional dependence of scattering amplitudes for these particles in 4D can be
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written as

A= A(1h 2h2 3hs ), (2.2.7)

which no longer depends on the polarisation vectors explicitly as in general dimen-
sions of space-time. This is a significant simplification, reducing the dependence
of the amplitude down from a polarisation vector constrained by gauge invariance
for each particle down to a binary choice of helicity. This reduction in complexity
is one of the main computational advantages in 4D compared to other dimensions
of spacetime, and is used widely in theory and experiment and referred to as the

spinor-helicity formalism, reviewed in [83, 85, 82| and first used in [6].

The simplicity of representing different massless amplitudes at n points in 4D by
a binary choice of helicities is encoded in a further formalism, known as the MHV
classification. For amplitudes with only one type of spin one or spin two particle it is
standard define the MHV degree k as the number of negative helicity particles where
relevant. I also define a left set of particles L as the particles with negative helicity,
and a right set R as the positive helicity particles, so that L U R = A4, |L| = k and
|R| = n — k. The tree-level amplitudes of a number of theories, including those of
Yang-Mills and Einstein gravity as discussed in the next section, are zero for helicity
configurations with all positive helicities (k = 0), and similarly for configurations

with one positive helicity and all others negative (k = 1);
A1+ 23t nt) = AQ @213 nt) =0, (2.2.8)
as well as for K =n — 1 and £ = n by helicity conjugation.

The first non-zero amplitude is the amplitude with two negative helicity particles,
and this is commonly referred to as the ‘maximal helicity violating’ or MHV amp-
litude, with the name coming for the idea that conservation of helicity results in the
amplitudes in equation 2.2.8 being zero. The MHV classification then denotes all

such amplitudes in terms of k = |L| as N*=2MHV amplitudes.

Although amplitudes in the most common and physically relevant theories satisfy
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equation (2.2.8), this is not always true and does not hold for example in conformal
supergravity, as reviewed in Section 2.6 and discussed in detail in Chapter 7. It is
still relevant to think of these amplitudes as fitting into the MHV classification, but

now the ‘out-of-MHV’ amplitudes with £ = 0,1,n — 1 or n need not be equal to zero.

An example of the computational power of this combination of techniques is illus-
trated by the 3 point amplitudes of Yang-Mills theory and Einstein gravity, which are
completely fixed by Lorentz symmetry, translational invariance, little group scaling

and unitarity bounds [86] to give

Aym(172737) =0 Avm(172737) = 54(P)<12><<1223>>(31>
5 (2.2.9)
Mig(172737) = 0 Mg (1-273%) = 64(P)—5- 12

(12)*(23)* (31)*

2.3 Supersymmetry, Superamplitudes and

On-Shell Superspace

The spacetime symmetries of a given quantum field theory can be augmented with
an additional type of symmetry known as supersymmetry, which is a powerful tool
in further constraining the structure of the scattering amplitudes of the theory.
Supersymmetry groups bosonic and fermionic particles together into superpartners
or supermultiplets, constraining the possible interactions between different kinds of
fields and reducing the number of coupling constants. Supersymmetry was originally
conceived purely as a theoretical endeavour [87], and it subsequently came to be
believed that it would describe physics beyond the standard model [88], although
it was not found at LHC energy scales as originally predicted, and its viability as a
physical model in this setting is unclear [89]. In the study of scattering amplitudes
the benefit of supersymmetry as a computational tool is clear however - the additional
non-physical supersymmetries added to the theory make many more computations
accessible, and a number of computational techniques which are now used to calculate

scattering amplitudes relevant to standard model physics were first developed in
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simpler supersymmetric models, whose scattering amplitudes do not model natural

phenomena.

Each supersymmetry transformation of a given theory is parameterised by an anti-
commuting Grassmann odd degree of freedom, and supersymmetry can be considered
as acting on a spacetime which has Grassmann odd dimensions additional to the
standard commuting degrees of freedom on the manifold to create a supermanifold.
In four dimensions each supersymmetry added contributes four degrees of freedom to
the manifold, so that with A" € N supersymmetries M*(R) is extended to M4V (R).
There is an SU(N') symmetry under mixing different supersymmetries together which
is known as the ‘R-symmetry’ [83] , and the new anticommuting coordinates on the
supermanifold transform in the fundamental representation of SU(2), x SU(N') and

SU(2)g x SU(N) so that a point can be written as
(z,10),]0]) € MHN(R), (2.3.1)

where |0) = (|«9[)> and |0] = (|QI]) I use indices I, J, K, ... to represent indices

transforming in SU(N).

The conserved charges ‘Q} and |@) which generate each supersymmetry transform-
ation are necessarily also Grassmann odd, and as such they anticommute with
one-another and commute with the generators of the Poincaré group. The closure
of the commutators of these generators produces a graded Lie algebra known as the
super Poincaré algebra as the spacetime symmetry of the supersymmetric theory [90],
which is given by

{\Ql]d : <QJ\°‘} = pae g1, (2.3.2)

where P generates spacetime translations.

As supersymmetry transformations take linear combinations of bosonic and fermionic
fields they can be considered as increasing or decreasing the helicity of the corres-
ponding particle states by % The states of different fields are then grouped together

into a supermultiplet by the supersymmetry operations. As an example consider
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N =1 super Yang-Mills theory, which is a theory of a gauge boson A, and a fermion
y®. The excitations of A, are a positive and a negative gluon, g* with helicity +1
and ¢~ with helicity —1, and the excitations of ¥® are ¥t with helicity —i—% and ¢~
with helicity —%. The supersymmetry transformations combine these states together
into the supermultiplets (g%, ¢") and (¢~, ¢~ ), such that the multiplets are closed

under action of the generators ’Q} and (@] of the supersymmetries.

Increasing the number of supersymmetries increases the number of different types of
particles which can be related to one another, so for example N = 2 allows for linear
combinations of fields with spin differing by at most 1, and the gluon supermultiplets
of N'= 2 super Yang-Mills theory are (g7, 4%, ¢) and (¢7,1, ¢) where ¢ is a scalar
field in the theory. Supermultiplets for a given N can be constructed recursively

from the multiplets for N’ — 1, and contain a total of A/ states.

This property of increasing and decreasing helicity introduces a bound on the number
of supersymmetries N for a given theory, and hence supersymmetry can be maximal
or non-maximal. To see this, consider the negative helicity gluon in Yang-Mills theory.
Increasing the helicity of this particle four times in steps of +% using the generators
of the supersymmetry gives a particle of helicity 41, which must be the positive
helicity gluon. If we add an additional supersymmetry generator and increase one
more time we get a spin % particle, which is necessarily part of a gravitational theory,
and so the theory is no longer Yang-Mills only. From this it can be that at the
maximum number of super symmetries in Yang-Mills theory in 4D is N = 4, and
I discuss the N' = 4 Yang-Mills super multiplet in Section 2.4. Following a similar
argument in Einstein gravity the maximum number of super symmetries in 4D is
N = 8, with supermultiplet discussed in Section 2.5. Maximal supersymmetry in
conformal supergravity is N' = 4 and is discussed in Section 2.6. Increasing the
helicities of a gravitational theory above 2 or below -2 produces higher-spin fields
which have a number of undesirable physical properties, and so the maximal number
of supersymmetries in four dimensions is generally considered to be 8. Note that

setting ' = 0 recovers the original theory without supersymmetry.
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One key way in which supersymmetry restricts the structure of scattering amplitudes
in a given theory is described by the supersymmetric Ward identities [83], which
enforce that certain linear combinations of amplitudes for different types of particles
must add up to zero. This reduces the number of independent amplitudes that need
to be calculated in the theory, and is a particularly powerful result which holds true
for all values up the coupling constant, and hence all orders of perturbation theory.
Supersymmetry also simplifies the structure of loop amplitudes in perturbation
theory significantly, due to the fact that any internal loop degrees of freedom must
now include a sum over states in the super multiplet of the theory, and cancellations

arise due to a relative minus sign between fermionic and bosonic loops.

The supersymmetric Ward identities can be encoded by combining the component
amplitudes for different particles together into a new structure called a superamp-
litude. The superamplitude can be considered as the amplitude for a process which
scatters supermultiplets of the theory rather than scattering individual particles, and
the amplitude for the individual particles is then referred to as a component amp-
litude. This is encoded in a formalism called ‘on-shell superspace’ which introduces
Grassmann odd degrees of freedom 7; = (!) which transform in the fundamental of
SU(N) for i € .4, and superamplitudes are written as an expansion in the different

n! variables for each R-symmetry index as shown in sections 2.4, 2.5 and 2.6.

The supercharges corresponding to each external state the theory are then represen-

g') = li)n!, and the

ted in terms of 7 as |Gi;] = |i] a%f and q{> can be thought of
as an additional Grassmann component to the momentum of each particle, referred
to as the supermomentum of the particle. Physically the supermomentum encodes
the The total supermomentum of all of the states combined is |Q) = Yic s |¢),
and the supersymmetric Ward identities enforce conservation of supermomentum
so that the superamplitude always has a factor of 62*/(Q). The superamplitude is
then manifestly invariant under the |()) supersymmetry transformations due to the

§2*N(@), and can be shown to also be invariant under the ‘Q} transformations [85].

This superspace formalism is chiral because |Q) and ‘Q} are treated differently. The
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mapping between this chiral superspace and the one where ‘Q} is algebraic and |Q)
acts as a derivative operator is given by a Grassmann Fourier transform from 7 to 7

variables.

The MHYV classification for amplitudes without supersymmetry is then generalised
to superamplitudes by introducing the idea of an MHV sector. In super Yang-Mills
theory the N*“2MHYV sector at n points is the set of component amplitudes related
to the N*2MHV amplitude by supersymmetry, and in Einstein gravity it is the
set of amplitudes related to the N*2MHV graviton amplitude. The N*2MHV
superamplitude is a Grassmann function with a well-specified weight in n variables
Ng, and amplitudes where Ng is not a multiple of N are zero. As such it is natural
to define the Grassmann degree kg := % of the amplitude, and in super Yang-
Mills and Einstein supergravity kg = k. The relationship still holds in conformal

supergravity but is more subtle in this case subtle, which I discus in Section 2.6 and

Chapter 7.

Component amplitudes for individual states can be extracted from the superamp-
litude by integrating against Ng relevant n variables specifying which particle is
being scattered for each external state. A review of these techniques can be found in
[85, 83|, and the extension to non-maximal supersymmetry is discussed in detail in
[91]. T illustrate this process with an example of extracting a component amplitude

in ' = 4 super Yang-Mills theory in the next section.

2.4 Super Yang-Mills Theory

Yang-Mills theory describes the physics of a spin 1 vector boson A, with a gauge
symmetry group SU(N,) whose quantized field excitations are referred to as gluons,
and N, € N is referred to as the number of colours of the theory. Gauge theory is
of fundamental importance to physics; in the standard model of particle physics it

is used to model both the weak and strong nuclear forces. The Lagrangian of the
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theory is widely used in many applications, and is given by

1
L=~ FuF", (2.4.1)

where F),, = 0,A, — 0,A, —i3[A,, A)], g is the coupling constant of the theory and
A, = AT where T are the generators of the adjoint representation of SU(N,).
To calculate amplitudes in the Feynman diagram formalism would require finding
interaction vertices from equation 2.4.1, but to use the methods developed in this
thesis it will not be directly relevant. The equations of motion coming from this
Lagrangian are

O"F,, +g[A" F,] =0, (2.4.2)

and the corresponding linearized equations in Lorenz gauge with plane wave solutions

are given in (2.1.1).

Plane-wave gluon states in 4D Yang-Mills theory are then fully specified by a mo-
mentum and choice of helicity of the gauge boson, as well as an SU(V,) adjoint
index for each particle. The dependence of an amplitude on the gauge group in-
dices is referred to as its colour structure, and in any given amplitude the colour
structure can be written as a sum over traces of the generators of the adjoint rep-
resentation. This decouples the colour-dependent part of the amplitude from the
dynamical structure depending on the momenta and helicities, and the remaining
dynamical colour-independent functions are called colour ordered amplitudes. The
colour ordered amplitudes are gauge invariant as well as Lorentz invariant, and as
such can be more simple to work with than the full colour-dressed amplitude. At
tree-level, the colour dressed amplitude can be written as
AO (hmghaez phoony — N7 AO Mg nl)) Ty (TH 77 T,
0ESn—1

(2.4.3)

where S,,_; is the permutation group on n — 1 elements.

As the colour structure is completely specified for all amplitudes at tree level using

only one trace over all n of the adjoint generators for each particle, the colour ordered



2.4. Super Yang-Mills Theory 27

amplitude has mathematical structure under cyclic permutations Z, of the external
data, and is cyclically symmetric in some cases as explained below. At higher loop
levels it is necessary to consider more complex colour structures with multiple traces,
and so in general there are many terms and the full colour ordered amplitude does

not obey the cyclic structure that it does at tree level.

Considering the amplitude as a function of the rank of the gauge group N,, these
multiple trace terms are subleading in N, compared to the single trace terms as N,
increases. It is then possible to take the limit as N, goes to infinity and neglect these
subleading terms, leaving a simplified subset of the terms from the full amplitude.
This simplified object can be considered as the amplitude for a Yang-Mills theory in
the ‘large-N limit’ [92, 82], where the theory is referred to as ‘planar Yang-Mills” For
this theory to be well-defined the coupling constant g must also be taken to infinity,
keeping the combination ¢’ := ¢g?N, known as the 't Hooft coupling fixed. Colour
ordered amplitudes in the large-/N limit then have a cyclic structure for higher loop
levels as well as at tree-level, and when discussing Yang-Mills amplitudes in this
thesis I will consider only the calculation of colour ordered amplitudes in the large- N

limit. I will denote Yang-Mills amplitudes as A in this thesis.

In chapters 3 and 4 of this thesis I consider calculation of super Yang-Mills amp-
litudes with any number N of supersymmetries, and in Chapter 5 I will focus on
N = 4 supersymmetry when considering Yang-Mills amplitudes. Maximal N = 4
supersymmetry introduces additional properties for the superamplitude which make
it easier to compute. The spectrum of the theory contains one gluon with two heli-

Y~ T7E and six scalars ¢4Z. The maximal

city states ¢g*, eight fermions ¥*! and
N = 4 supersymmetry transformations link the negative and positive helicity gluons
into the same multiplet and so there is only one supermultiplet in N’ = 4 super

Yang-Mills which can be written as a superfield in on shell super space as

® =0t =3 =g mmnsma + 0 Enmme + " nmy + 0t I + g7 (2.4.4)

As a result of this the assignment of positive and negative helicities to the external
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data of the superamplitude in the theory is arbitrary, and the superamplitudes are
invariant under a Z, cyclic transformation of the particle labels. Yang-Mills theory
is classically conformally invariant in four dimensional spacetime, and this symmetry

extends to the quantum level for all values of the coupling constant exactly when

N =4

To completely specify an amplitude in super Yang-Mills theory at tree level, it is
necessary to make a choice of number of supersymmetries A/, number of points n,
left set of negative helicity superfields L and a cyclic ordering of the particles o € .S,,,
and I will always use cyclic ordering o = (1,2,...n) in this thesis. The tree-level

superamplitude can then be written as

AW (@l oy = AT (2.4.5)

where k = kg = |L|, relating the MHV degree, Grassmann degree and number of

negative helicity superfields.

With maximal N = 4 supersymmetry the tree-level superamplitude is specified by
a smaller set of choices due to the fact that ®* = ®&~. In this case it is necessary
to specify simply a number of points and a Grassmann degree, and then the MHV

degree is defined by the Grassmann degree so that k := kg and

AP (0,D,...0,) = AT) . (2.4.6)

In general writing down n point formulae for scattering amplitudes is a complex
task, but in Yang-Mills theory in the MHV sector the amplitude has a particularly
simple form. The famous tree-level MHV Parke-Taylor amplitude is

N\ 4A—N

0 _ <4)2x <Z]>
"451,){@'7]‘},N = o N(P)<12) (23) ... (nl),

(2.4.7)

where L = {i, j}, and the cyclic symmetry of the amplitude for N' = 4 is manifest.

The expressions for a general N*\MHV amplitudes at tree-level in super Yang-Mills
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theory are significantly more complex than the MHV amplitude, but are well known

in the literature [93, 94].

Finally consider extracting the component amplitude A(g~1~ /K gT¢pT L) from Af& N4
as an example to explain how component amplitudes are extracted from a superamp-
litude. Each component amplitude corresponds to a specific set of on-shell superspace
variables n! for each particle label i, and the relevant 5/ for each state can be read off
from the supermultiplet. Integrating the superamplitude against these Grassmann

variables then relates the component amplitude to the superamplitude
AO (g R gyt = / i} dn?dndndn}dnni dnf AT v, (2.4.8)

2.5 Einstein Supergravity

The standard calculation of gravitational scattering amplitudes works from the
Einstein-Hilbert Lagrangian, and I will refer to these amplitudes as Einstein gravity

amplitudes. The Lagrangian is

1
E = E\/_gR—i_Ematter’ (251)

where R is the Ricci scalar, \/—g is a volume element on the space-time, k = 167Gy
is the coupling constant in terms of Newton’s gravitational constant G, and L atter
describes any matter content considered. The Ricci scalar is a standard function
of the metric g,,, its inverse g"* and its derivatives d,¢"” [95], and so the Einstein-
Hilbert Lagrangian describes the self-interactions of a metric g,,, which is a rank 2
symmetric tensor. The action corresponding to this Lagrangian is invariant under

arbitrary parameterizations of the space-time manifold known as diffeomorphisms.

To calculate gravitational amplitudes in flat space, the metric is expanded as a

perturbation around the Minkowski metric, so that

Juv = Mpv + 'Lih/wa (252)
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and the quantized field excitations of the perturbation h,, are spin 2 particles referred
to as gravitons. The expansion of \/—g in orders of s has infinitely many terms,
and the interaction vertex structure of Einstein gravity in the Feynman diagram
formalism is incredibly complex. Einstein gravity amplitudes in this thesis will be
calculated using methods which do not refer to the Lagrangian, and so equation 2.5.1

will not be used directly.

The equations of motion of the Einstein-Hilbert Lagrangian in terms of the full

metric g, are the famous Einstein’s field equations,
1
Ry = 5 R0 = T (253)

where R, is the Ricci tensor satisfying Rf = R, and T}, is the stress-energy
tensor calculated from Lyagter- The linearized field equations for A, in de Donder
gauge [95] are given in equation 2.1.1, and so the states of the theory are plane
waves, as in Yang-Mills theory, but with polarisation tensors of the form ¢,,. The
diffeomorphisms which leave both the perturbative form of the metric and the choice
of gauge invariant constrain the form of these polarisation tensors, and are considered
a gauge symmetry under which the amplitudes of the theory must be invariant. As

with Yang-Mills theory there are only two different possible polarisation structures

s and they can be decomposed in terms of the polarisation vectors of

e), and €
Yang-Mills theory as €, = exe [83].

While there are many similarities between the structures of gauge theory and gravity
amplitudes, there are also a number of notable differences. Importantly there is
no notion of colour in gravity and hence no need for colour ordering. N¥~2MHV
gravitational amplitudes do not have a cyclic structure as in Yang-Mills, and instead
have an Sy x.S,,_; permutation invariance under interchange of any two external states
with the same helicity. In this thesis I will generally use M to denote gravitational

amplitudes.

Chapters 3 and 4 of this thesis consider calculation of Einstein supergravity amp-

litudes with any number A of supersymmetries, and in Chapter 6 I will focus on
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N = 8 supergravity. As with Yang-Mills Theory, maximal N' = 8 supersymmetry
introduces additional structure to superamplitude. The spectrum of the theory
contains one graviton with two helicity states h*, 16 gravitinos A*! and \;, 56
graviphotons A*!” and A;;, 112 spin 1 fermions ¢ /7% and 1}, and 70 scalars
¢ABCD . The N = 8 supersymmetry transformations link the negative and positive
helicity gravitons into the same multiplet, and so there is only one supermultiplet in

N = 8 supergravity which can be written as a superfield in on shell super space as

=&t = O = b mmnsnansnens + -+ 0T nmmi + A nmy 4+ X+ 0

(2.5.4)
As with N = 4 super Yang-Mills, this means that the assignment of positive and
negative helicities to the external data of the superamplitude in the theory is arbitrary,
and hence N' = 8 supergravity amplitudes have a full S, permutation symmetry

under the exchange of any two external states.

Specifying an amplitude in Einstein supergravity requires the same information as

in super Yang-Mills, and we have that

M (ke phny = MT) (2.5.5)
with

M (D,®,...0,) = M) . (2.5.6)

for maximal N' = 8 supersymmetry.

MHYV amplitudes in supergravity can be written in a number of different ways,
[79, 96|, but perhaps the most concise and simple expression is written in terms of

the MHV Hodges matrix # [22]. The amplitude is

det H
(ab) (be) (ca)’

where ¢ is any choice of particle label from 4"\ {a, b}, and the amplitude can be

My e = 82N (P) (b)Y (2.5.7)

shown to be independent of the choice of ¢. The MHV Hodges matrix H is an
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(n —3) x (n — 3) matrix, defined as

j,
o= . (2.5.8)
Pl i=j,

The diagonal elements are written in terms of the gravitational inverse soft factor

1@2'@, which is defined as

Wiy x~ K] (ka) (kb)
Ui = 2GRy Gay () (2:5.9)

and is also a building block for amplitudes in conformal supergravity. |a) and |b)
in this formula can be taken to be particle labels, or any choice of external spinors,

and wf’; can be shown to be invariant under the choice of the spinors.

For the purposes of amplitudes written in terms of the 4D scattering equations, this
expression for the MHV gravity amplitude can be considered the equivalent of the
Parke-Taylor formula for supergravity. General N*MHV amplitudes even at tree
level in supergravity are much more complex than at MHV, and the possibility exists
that more simple and beautiful expressions for these amplitudes can still be found,
along with the hope that finding new forms could shed light on the structure of

quantum gravitational physics.

2.6 Conformal Supergravity

Conformal gravity is a diffeomorphism invariant theory of a metric tensor field
gy similarly to Einstein gravity, but it differs from Einstein gravity in that it is

additionally invariant under Weyl transformations of the metric g,, eSH=)

Juv
which enhance the Poincaré symmetry of the space-time to conformal symmetry.
The addition of conformal symmetry results in a theory which is not unitary, and
hence conformal gravity is not physical and cannot be used directly to model nature.

Conformal symmetry however constrains the structure of the theory significantly,

notably resulting in a gravitational theory with much better UV behaviour than
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Einstein gravity. In this thesis I take the philosophy that studying conformally
invariant gravitational amplitudes may help in developing techniques to study more

physically relevant amplitudes in Einstein gravity.

Spacetime Lorentz and translational transformations preserve angles and lengths
between points, for example rotationally symmetric objects are equivalent at different
angles. Conformal transformations also preserve angles between points, but because
they allow additionally for a scaling of the metric tensor of the space-time they
no longer preserve lengths, and conformal symmetry is then a statement of the
equivalence of objects at different length scales. Weyl invariance of a theory leaves the
theory invariant under space-time scaling transformations x — e®z, and additionally
conformal boost transformations K, which are constructed by inverting spacetime
through the origin so that z — 7%, translating in the inverted space and inverting
back [97]. The Poincaré group, scaling transformations and conformal boosts combine
together to form the conformal group which in Minkowski space in d dimensions is
SO(d, 2). The introduction of these additional symmetries constrains the structure of
the theory significantly and conformal field theory, the study of conformally invariant
quantum field theories, is of fundamental importance in mathematical physics, with

an introduction given in [97, 98].

While the Lagrangian of Einstein gravity is constructed from contractions of the
Riemann tensor, the Lagrangian of conformal gravity is written in terms of the
Weyl tensor W,,,,. The Weyl tensor is one of the irreducible components of the
Riemann tensor when considered as a representation of the Lorentz group, and can
be constructed from the Riemann tensor and the metric [95], and is the natural
object to consider in constructing a conformal theory of gravity as it transforms
covariantly under Weyl rescaling of the metric as W0 + €*W,,,o. The most

simple Lagrangian for a theory of conformal gravity is then

1
L=vTg (—ﬁQWN,,pUW“""”> , (2.6.1)

which is conformally invariant in four dimensions where the Weyl rescaling of the
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d
volume element /—g + e 2%

—g cancels with the conformal transformation of
Wi peWHP? | so that /—=gW e WHP? 1= e%(‘l_d)\/—gWWpUW“”p". The coupling
constant R is different from that of Einstein Gravity, having mass dimension 0 as

required for conformal invariance.
The equations of motion coming from (2.6.1) are
(VY7 + RP)Y W o = 0, (2.6.2)

and any solution to the vacuum Einstein’s field equations also solves these conformal
gravity equations [99]. In this thesis I will study scattering amplitudes in conformal
gravity as perturbations h,, around Minkowski space-time, where the perturbative
expansion is the same as that for Einstein gravity explained in the previous section
except with coupling constant K. Expanding the equations in the coupling constant
R, choosing an appropriate gauge and taking the linear terms gives the following

linearized field equations for the graviton field in conformal gravity
O%h,., = 0. (2.6.3)

The fact that these equations are fourth-order in derivatives leads to two main
consequences for the theory. The first is that additional boundary conditions for
scattering states in the theory can now be considered compared to Yang-Mills theory
and Einstein gravity. Standard plane waves e*® for k? = ( are still scattering states
in conformal gravity as they solve equation (2.6.3), but additionally to these states

are the non-plane wave states
Py = €y A - w7 (2.6.4)

where A is a vector. States for which A o« k solve the second order equations of
motion A, = 0 and hence are equivalent to plane wave modes, and so non-plane
wave states are defined for A ~ A+ Sk, for all § € R. There are both conceptual and
mathematical difficulties in scattering these states, given that states in the S-matrix

formalism are defined at ¢ — 400, and non-plane wave states grow linearly with ¢
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in that limit. It is possible to circumvent these issues considering the amplitude as

a distribution, which I discuss in Chapter 7.

A second consequence of the fourth order field equations of conformal gravity is
that the propagators of the theory go as ;%, from which it can be seen that the
theory is not unitary at the quantum level. To understand this, consider adding
the Einstein-Hilbert Lagrangian as a mass deformation to the conformal gravity
Lagrangian to give

2

1
L= <_ﬁ2WWJWWP” - ﬁzmQR) . (2.6.5)

The Einstein-Hilbert Lagrangian has standard - propagators, which resolves the
p p

propagators of the conformal theory to some massless and some massive graviton

modes, all with standard propagators. The argument runs as follows; the linearized

equation of motion is modified schematically from (2.6.3) to
0 (0 +m?) by =0, (2.6.6)

which has propagator

11 1 (1 1
Al = (L S (. 2.6.7
(p) <p2p2+m2> m?2 <p2 p2+m2> ( )

The second equivalent expression under partial fractioning shows that the massless
mode is physical with a standard 1% propagator, but the massive mode is an unphys-
ical ghost mode due to the minus sign in front of the m propagator. Ghost modes
are not compatible with unitarity, and conformal gravity is therefore non-unitary as
the ghost mode remains in the m — 0 limit, as explained in more detail in [35].

It is possible to modify the structure of conformal gravity by the addition of a

complex scalar field, resulting in a class of models known as non-minimal conformal

gravities. The Lagrangian of these theories is given by [35]

L= V=g (F@) Wi W+ F() WipeW 77 ) + Loty (2.6.8)

where L4+ iy is given in [35] and contains the kinetic terms in ¢ as well as additional

interaction terms in ¢ and g. Wy is the self-dual and W, , the anti self-dual
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component of the Weyl tensor under Hodge duality in the spacetime, and a choice
of complex analytic function f defines the theory. The theory can be naturally
supersymmetrised to an N = 4 super conformal field theory as explained in [35],

with super-multiplet structure detailed below.

A specific non-minimal conformal supergravity was found to rise naturally in twistor
string theory [20], for which f(¢) = % This model also arises naturally in 4D
ambitwistor string theory, and will be the object of study of Chapter 7 of this
work, and one additional benefit of studying non-minimal conformal supergravity
is that plane wave amplitudes in the minimal theory are all equal to zero [43,
100]. To differentiate from other conformal supergravities the theory is named
Berkovits-Witten conformal supergravity, and from now on when I refer to conformal

supergravity in this work I always mean Berkovits-Witten non-minimal conformal

supergravity.

The spectrum of the theory contains three different super-multiplets with their
helicity conjugates. There are two types of graviton multiplets, one with plane wave
boundary conditions and one with non-plane wave boundary conditions, and the
scalar fields coupling to the Weyl tensor in the Lagrangian fit into these graviton
multiplets. There are also plane wave gravitino multiplets in the theory [20], which

I will not consider in this work.

The field content of the two different types of gravity multiplets is the same, with
two graviton polarisation’s h*, eight gravitinos A*/ and A= //X | twelve graviphotons
AF! | eight spin § fermions ¢; and ¢ /% and two scalars, ¢ and ¢~ which are
related to the complex scalar field from the Lagrangian by ¢~ := ¢ and ¢+ := ¢. The

plane wave graviton multiplets can be written as superfields in on-shell superspace

as

O~ = h mmaemana + AN Enmune + A" nmy 0 Inp + ¢ 269

Ot = ¢ mmamana + W Enmank + AT nmy + X+ b7,

and the equivalent non-plane wave multiplets have the same Grassmann expansion
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and are denoted ®*

x )

with non-plane wave graviton states denoted h¥ and scalars

denoted ¢=.

The coupling between the Weyl tensor and the scalars in the Lagrangian results
in a number of superamplitudes which are zero at tree level in super Yang-Mills
and Einstein supergravity taking non-zero values in conformal supergravity, notably
superamplitudes with all negative helicity superfields or with one negative helicity
superfield. This means that the number of negative helicity superfields is not in
general equal to the Grassmann degree of the superamplitude, and to fully specify a
superamplitude, both a set of negative helicity superfields {®~} and a Grassmann
degree kg must be given. Amplitudes for plane wave graviton multiplets in conformal

supergravity at tree-level can then be written

MO@ @l @) = MYy (2.6.10)

The full set of three point super amplitudes for plane wave graviton multiplets up

to helicity conjugation are given by

M(=—=)=868(P), M(——+)=0, (2.6.11)
with some component amplitudes for gravitons and scalars given by

MM h~h™)=0, M(h h"h")=0
(2.6.12)
M(h~h=¢7) = (12)* 6*(P).
The tree level super amplitude in N = 4 conformal supergravity for kg = 2 at n

points is given by

Mﬂ@—},kg = 6"%(P) IT %in, (2.6.13)

i€d+

with the gravitational inverse soft factor v, defined in equation (2.5.9). Equa-
tion (2.6.13) is referred to as the Berkovits-Witten formula and was first calculated
in twistor string theory in [20], and I give an alternative calculation of this amp-

litude in 4D ambitwistor string theory in Chapter 7. Some three point calculations
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involving non-plane wave gravity multiplets are calculated in [45], and I extend these

to n-point calculations in Chapter 7 of this thesis.

2.7 Scattering Equations in general d and CHY

Formalism for Tree-level Amplitudes

The CHY (Cachazo-He-Yuan) formalism allows for compact expressions to be written
down for the full n-point tree-level S-matrix in d-dimensions for many different
theories [10]. Amplitudes in this formalism are written down as a sum over the

solutions of the scattering equations,

> = =0, (2.7.1)

jen\{iy 5 T8

where k; are a set of n-point null momenta obeying momentum conservation, and
s; are points on the Riemann sphere which I will refer to as worldsheet coordinates.
In this thesis will refer to these equations as the ‘general d scattering equations’
They are parameterised by the d-dimensional momenta k; for each particle, and
are solved for the worldsheet coordinates s;, and physically they are equivalent to
the equations of electrostatics for n particles in 2D whose charges are vectors in

Minkowski spacetime.

The equations have an SL(2) symmetry arising from global conformal transformations
on the worldsheet, which is found by acting with the Mobiiis transformation on all

of the s;
as; +b

f:SiHﬂsi):cs-—i—d

(2.7.2)

where a, b, c,d € C, with ad — bc = 1. This SL(2) symmetry reduces the number of
variables by three, and the equations are shown to have three linear dependencies,
reducing the total number of independent equations for n down to n — 3. To solve
the equations it is necessary to fix the SL(2) symmetry, and a standard choice of

gauge is s, = 0,s, = 1 and s, — oo for a,b,c € N.
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For example for n = 4, fixing s; = 0,59 = 1, s3 — oo and choosing any one of the

four equations produces an equivalent linear system for s4. The full solution is then

ky - kg

= (1,0 —
s (77007 kl'kQ

). (2.7.3)

All solutions at 5 points are given in [101] as well as some analysis at 6 points for
d = 4, but above this the system becomes much more complex to solve. In [11] an
inductive argument is given to show that the equations have (n — 3)! solutions at n
points, hence showing that above n = 5 the question of finding all solutions becomes
in principle a numerical problem, due to the Abel-Rufini theorem [102] which states
that polynomial equations have no general solution in terms of radicals for degree 5

or higher.

In this general d formalism tree-level amplitudes can be expressed as integrals of
a theory-specific integrand f(s;, k;, €;) over delta functions enforcing the scattering
equations,

ki -k

Si—Sj

d"s
0) _
A SL(2)

s s

eV \gem\{i}

) f(siy ki, €). (2.7.4)

As the equations have three linear dependencies, three delta functions must be
removed and a corresponding Jacobian factor introduced. The notation for the delta
functions is then defined so that
H’5< > ]) = (sa—sp) (6 — 5c) (e —5a) ][] 5( > J) ,
iex  \gem\fiy 5 S ieN{abe}  \jer\fip 50— 5
(2.7.5)

where a,b,c € 4. The integral is shown not to depend on the choice a,b and ¢ in

11].

Any valid integrand f must be covariant under this SL(2) symmetry additionally
to its invariance under any other symmetries inherited from the corresponding amp-
litude. The number of integrations matches the number of delta functions, and hence

the integral gives the instruction to sum the integrand times the relevant Jacobian
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factor over the (n — 3)! solutions to the scattering equations. In this way, calculating
tree-level scattering for massless particles in many theories can be reduced to solving

a set of algebraic equations. Further details can be found in [11, 10].

The integrands of many different theories can be built up from matrices which depend

on momenta k;, polarisation vectors ¢; and worldsheet variables s;, as shown in [10].

Perhaps the most important of these matrices is the following antisymmetric 2n x 2n

matrix ¥, defined by

kzk . . €;°€; . . ei~k’i -
s, 17 pmrl O ) Sims; v
\Ijl,j \Iji+n,j+n = \IjiJrn,j =
. . . . _ e;-k;
0 t=17 0 =17, le i} 8i—8y
(2.7.6)

for i, 7 € A". This matrix is found to have a nullspace of dimension two, and hence
to find a non-zero determinant it is necessary to remove two rows and columns from
the matrix. Then scattering amplitudes in Yang-Mills theory and Einstein gravity
in any dimension at tree level for any number of points can be calculated using the

following integrands,

1 Pf (W
fYM d dimensions(si, ki; 61’) = _1)a+bM
[lic. v (5 = si41) Sa — b (2.7.7)
f, (51, ki, 1) det(T2r) .
imensions\Siy Ni, €;) ' — 75
EGdd (50 — 55)2

where the notation ¥ corresponds to removing row and column a and b from matrix
U, and Pf is the Pfaffian of an antisymmetric matrix, which satisfies (PfM)? =
det M making manifest double-copy structure of Yang-Mills and Gravity amplitudes

[10, 103]. is referred to as the Parke-Taylor factor in analogy with the

.
Hiew(sifs”l)
Parke-Taylor amplitude from equation (2.4.7), and encodes the cyclic ordering of
colour-ordered Yang-Mills amplitudes. It is shown in [10] that these integrands do

not depend on the choice of i,j € A".



2.8. Refined 4D Scattering Equations 41

These CHY integral formulae for scattering amplitudes in quantum field theory
can be calculated from a string model known as ambitwistor string theory, which I

introduce and discuss briefly in Section 2.11.

2.8 Refined 4D Scattering Equations

The 4D scattering equations are a refinement of the general d scattering equations
which depend on the MHV degree as well as the number of particles [26], and can
be used to calculate supersymmetry covariant expressions for the n-point tree level
S-matrix of gauge theory and gravity. They are written in terms of the angle and
square bracket spinors rather than momentum dot products, which introduces an
extra variable ¢; into the system for each particle which is related to the little group
scaling of the spinor variables. I will think of the t; as additional worldsheet variables,
promoting each worldsheet coordinate from a point on the Riemann sphere to a point
o; € C? defined as 0; = tl (&)= (Z; > It is then natural to combine these variables

together into a matrixo € C?>*", and to work with minors of this matrix defined as

(ij) := det(oi0;) = 575 — 02-10

s 2 — 070;. There is a natural GL(2) transformation
ilj

acting on the left of this matrix, and I discuss symmetries and gauge fixing of the

equations in detail in Chapter 3.

In super Yang-Mills and Einstein supergravity, the 4D scattering equations respect
the grouping of external states into a set L for negative helicities and a set R of
positive helicities, where the MHV degree k of the amplitude is equal to the size of
the left set, k := |L|, which is equal to the Grassmann degree of the superamplitude,
|L| = kg. For the discussion of conformal supergravity in this work it will be
necessary to separate the definition of MHV degree and left set of negative helicity

superfields, as explained in Section 2.6 and Chapter 7.

The 4D scattering equations are defined as the zeros of the following spinor functions

E = yl]—é(%, leL E, = |r>—lZL<|2) r € R, (2.8.1)
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giving the following linear relations between the spinor variables for the external

data;

=y -, lel Z<> r € R. (2.8.2)

Additionally I define the following set of fermionic functions, specified by an integer
n, a left set L and a number of supersymmetries A/, which are used to encode

supersymmetry in the 4D scattering equation framework.

EN =V (m =Y (Zf)> (2.8.3)

reR
Note that the fermionic functions exist only for the left set which may seem counter
intuitive, however it gives a total of |LIN = kgN = sNg supersymmetries which
is the correct number for a given superamplitude. Only the bosonic parts of the
scattering equations are localised onto the integral measure for the worldsheet, and
so the fermionic equations are not solved in the same way that the bosonic equations
are and are instead integrated against when extracting component amplitudes from

the superamplitude.

I also define two sets of delta functions as a notational shorthand for the full set of

4D scattering equations. The first is a bosonic set of delta functions

67" (SE, 1) = [[ 0*(E) T] 6% (E (2.8.4)

leL reR

and the second set of delta functions also includes the fermionic variables,
5Nl (g, ) = gEWIXIL+2xIRI (gE H52|N VTL6%(B).  (2.85)
leL reR
I define the mixed bosonic-fermionic delta function 6 (E;) to include the relev-
ant fermionic variables as required from the context; so in this case 6?*V(E;) =
62(E)6N (EN). When using the first definition, I will consider the fermionic delta
functions as a part of the integrand. With the second definition, the fermionic

delta functions are considered as scattering equations for the Grassmann on-shell
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superspace variables. I find both approaches to be useful, and hence include both

definitions in this thesis.

As in the general d case it is then possible to write tree-level amplitudes for many
different theories as integrals of some integrand f over these scattering equation

delta functions, either with the fermionic delta functions as a part of the equations;

© [ 47" o) N
%= e’ (SEnz) £, i), li)

or as a part of the integrand

o d2><n0.

n,L GT@(SQX” (SEH,L) fN(a’ |Z> ) |Z] 7771')7

Integrands for Einstein gravity and Yang-Mills theory with any number of super-

symmetries were derived in [26];

fom(o i) Ji]) = ey (ii+1)
Fauporgravity (0, 1), |i]) := det"H det'HH (2.8.6)

where det’ is an instruction to remove one row and column from the matrices before

taking the determinant. H is the Hodges matrix and H the dual Hodges matrix,

defined as
aw
Hy = — Z 7‘[”/, le L Huy = N l#lEL
VeL\{l} (i)
!
H,p = — Z H,r, TER H,p = [W/] , r#1r eR. (2.8.7)
reR\{r} (rr’)

Both matrices have determinant zero, each a single null vector (1,1, ...1) and for
this reason one row and column is removed before taking the determinant in the
scattering equation integrand. The matrices can be shown to be invariant of the

choice of row and column removed.

These integrands are valid for the case where the scattering equations include both
the bosonic and fermionic variables, and should be integrated against delta functions

§2xnNXILL (SR, 7). T also define the following integrands which include the fermionic
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delta functions

RCADNUR AR | A ACAUN U
leL
fsjtlfpergravity(o'> |Z> ) |Z] 77}1) = H Eljvfsupergravity(o-a |Z> ) |Z] 7ni)a (288>
leL

and these integrands should be integrated against 6**™ (SE, 1.).

As shown in [56], there are A(n, k) = <Z:§> solutions to the n-point N¥2MHYV scat-
tering equations, where () are the Eulerian numbers [104], tabulated in Figure 4.1.
The inductive proof of the number of solutions finds that A(n, k) can be expanded
recursively by taking either a left set particle soft to reduce to an amplitude of the
form A(n — 1,k — 1) or a right set particle soft to reduce to A(n — 1,k). Each of

these solutions then has a given multiplicity such that

An,k)=(n—k—1)An—-1,k—1)+ (k—1)A(n — 1, k), (2.8.9)

with one solution in the MHV and MHYV sectors for each n, so that A(n,2) =

An,n—2) = 1.

2.9 On-Shell Diagrams

On-shell diagrams provide an alternative method to calculate amplitudes in a number
of different theories, and are based on the computational framework of BCFW (Britto-
Cacahazo-Feng-Witten) recursion [8, 9]. In this framework n-point amplitudes are
expressed recursively in terms of lower point amplitudes as a sum over factorisation
channels. To derive this recursion relation, two of the external momenta of the
amplitude are shifted by a complex variable z so that momentum is conserved for
all z, and the BCFW shifted amplitude A(z) is then a meromorphic function of z.
The factorisation channels of the original amplitude occur as the poles of the shifted
amplitude in the complex z plane, and the residues of these poles are products of

two lower point amplitudes. The n-point amplitude can be constructed from A(z)
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Figure 2.1: Vertices and edges for on shell diagrams in N/ = 4 super
Yang-Mills and N = 8 supergravity

as ¢ dzAiz), where the contour encloses the pole at zero only, and is related to the

poles on the factorisation channels using a global residue theorem.

Using this method repeatedly the n-point scattering amplitude can be broken down
into 3-point building blocks, and on-shell diagrams are a diagrammatic calculus
which encodes this process in four dimensional spacetime, notably in A/ = 4 super
Yang-Mills at all loop orders and N = 8 supergravity at tree level. As the three-point
amplitudes in these theories are known simply from the symmetries and some basic
physical assumptions as explained in Section 2.2, on-shell diagrams take the minimal

possible physical inputs and from this build up the the full S-matrix.

On-shell diagrams are then bipartite graphs constructed from 3-point black and white
vertices which correspond to 3-point MHV and MHYV superamplitudes respectively,
as shown in the upper part of Figure 2.1. Unlike ordinary Feynman diagrams, the
internal lines of on-shell diagrams do not contain virtual particles and correspond
to integrating over on-shell degrees of freedom, as depicted in the lower part of

Figure 2.1.

Scattering amplitudes in planar N' = 4 super Yang-Mills can be constructed from
on-shell diagrams using the recursion relation in Figure 2.2 [65], which encodes

BCFW recursion for loop integrands. Neglecting the second term on the right-hand
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Figure 2.2: Loop-level BCFW recursion for planar NV = 4 super
Yang-Mills. The loop order of A, and Ar must add up
to [, and the total number of legs must add up to n + 2.

29!

Figure 2.3: Square move equivalence relation super Yang-Mills

side produces the previously described tree-level BCFW recursion. The structure
consisting of one white and one black vertex which attaches legs 1 and n to the
lower-point on-shell diagrams implements the BCFW shift by complex variable z
and is known as a BCFW bridge. In planar N' = 4 super Yang-Mills it is possible
to extend the recursion relation to the integrand of the loop amplitudes, which is
due in part to the fact that it is possible to make a canonical definition for the
loop momentum in a planar theory. The loop recursion is taken into account by
the second term on the right-hand side in Figure 2.2, which involves connecting
two adjacent legs of a lower-loop diagram and attaching a BCFW bridge. This
process constrains the momenta on the connected legs to add up to zero in what is
known as a ‘forward limit’. The on-shell diagrams of A/ = 4 super Yang-Mills also
respect various equivalence relations such as the square move and mergers depicted

in Figures 2.3 and 2.4, which can often be used to simplify calculations.

In N = 8 supergravity it is also possible to define a tree-level recursion relation in

terms of on-shell diagrams, as depicted in Figure 2.5 [70]. In this case, the BCFW
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RO SR -4

Figure 2.4: Merger equivalence relations for A/ = 4 super Yang-
Mills

S

N
v @

Figure 2.5: Tree-level BCFW recursion relations in N' = 8 super-
gravity

bridge is decorated by a kinematic factor as shown in Figure 2.6, and the expression
is summed over all partitions of the external legs of the two subamplitudes which
hold legs 1 and n fixed. In general this procedure will yield non-planar on-shell
diagrams, but it is possible to restrict the recursion to a planar subset of diagrams
by attaching the fixed legs of each subdiagram to the bridge or the other subdiagram
at each step in the recursion. The full amplitude can then be obtained by summing
over permutations of the unshifted external legs, implying nontrivial identities for
non-planar on-shell diagrams. The on-shell diagrams of N’ = 8 supergravity enjoy
equivalence relations similar to those of N' = 4 super Yang-Mills, in particular the

square move in Figure 2.3 and decorated mergers in Figure 2.7.

A remarkable feature of on-shell diagrams is that they naturally give rise to formulae

—>
>
—>

n

Figure 2.6: Definition of BCFW bridge decoration in N' = 8 super-
gravity
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Figure 2.7: Merger equivalence relations in N = 8 supergravity

for N*"2MHV amplitudes in the form of integrals over the Grassmannian Gr(k,n),
which is the space of k planes in n dimensions. Integrals over Gr(k,n) can be
expressed as an integral over a k x n matrix C' modulo a left action of GL(k) and

are supported on delta functions of the form
FHENY (O A|C ) 070 (n - ) (2.9.1)

where C+ is an n x (n — k) matrix considered to be perpendicular to C. This

orthogonality property is expressed by the conditions
C’L . C = 0, (len_k)J_ = 61'1__1‘" (Zn—k—i-lln) s

where the left and right hand sides denote the minors of C+ and C' respectively.
The dot products appearing in the delta functions are taken with respect to particle
number, so that (C'- A)f == Y, Ol 1% and (C - n)f = > e Ciynj for I € L, and
(A-CH)e ==Y c 4 Cp; (j|* for r € R.

It is often convenient to use the GL(k) symmetry to fix C' in such a way that k
columns form a k x k unit matrix, leaving integrals over the remaining k x (n — k)
elements. This form is referred to as the link representation [105] and is closely
related to the expressions arising from 4D ambitwistor string theory. In the link
representation the delta functions in (2.9.1) take the same form as the 4D scattering

equations.

There is a simple algorithm for deriving Grassmannian integral formulae directly
from on-shell diagrams, which I now describe schematically, with more details given
in Section 6.1. First assign variables «; to the edges of the diagram, and assign
arrows in a ‘perfect orientation’ such that there are two arrows entering and one

arrow leaving every black node, and two arrows leaving and one arrow entering every
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white node. Then set one edge variable associated with each vertex to unity, leaving
2n — 4 edge variables. To construct the Grassmannian integral in N = 4 super
Yang-Mills, take the measure to be the product of de;/q; for each remaining edge
variable, and multiply this by the delta functions in (2.9.1), where the C' and C*
matrices are computed by summing over paths through the on-shell diagram and
taking the product of the edge variables encountered along each path, as described
in more detail in Section 6.1. The resulting formula can then be thought of as a
gauge fixed Grassmannian integral formula where the gauge symmetry corresponds
to GL(k). Lifting the result to a covariant formula in A/ = 4 super Yang-Mills gives

the following expression or one of its residues,

dExn 5k><(2\./\/’)(0 . 5\|C’ . n)a(n—k)xQ()\ . CJ_)

denQN — : : 7
Vol(GL(k)) [Tic sy (i ...i4+k—1)

(2.9.2)

which can be considered as a Parke -Taylor expression on Gr(k,n) due to the cyclic
product of minors. A similar factor also appears in Grassmannian integral formulae
for NV = 8 supergravity amplitudes, so I keep the supersymmetry parameter N

unfixed.

The algorithm for deriving Grassmannian integral formulae in N' = 8 supergravity
from on-shell diagrams is similar to that of A' = 4 super Yang-Mills, except that a
factor of da/a?® must be included for each edge variable leaving a white vertex or
entering a black vertex and da/a? for each edge variable entering a white vertex or
leaving a black vertex. Decorations for the BCFW bridges are also needed as depicted
in Figure 2.6, and spinor brackets factor at each vertex. For each black vertex include
a factor of (ij) where i and j are the two edges with ingoing arrows, and for each
white vertex include a factor of [ij] where ¢ and j are the two edges with outgoing
arrows. The spinors in these brackets will initially be internal to the diagram, but
can be written in terms of the external spinors and edge variables by summing over
paths in the on-shell diagram in a similar way to how the C-matrix is computed.
In the final step it is necessary to include the delta functions in (2.9.1) and lift the

integrand to a covariant expression as in N/ = 4 super Yang-Mills. More details
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and various shortcuts for computing on-shell diagrams in N/ = 8 supergravity are
described in Section 6.1, where I also explain how to incorporate the bonus relations

of N' = 8 supergravity into the on-shell diagram recursion for MHV amplitudes.

2.10 Twistor Space

Twistor theory provides a mathematical framework for recasting physics from its
standard setting in Minkowski spacetime MY(R) into twistor space, which para-
metrises the set of geodesics in spacetime. In this section, I give an introduction
to the mathematics of twistor space, discuss some motivations to why it can be a
useful alternative to Minkowski spacetime, and provide the mathematical techniques
necessary to describe 4D ambitwistor string theory in the next section. Twistor space
is most useful for null geodesics, and the parameter space of only null geodesics is
referred to as projective twistor space and denoted PT, I will refer to as simply

twistor space in this thesis.

A null ray in flat space can be written as
R(z,p) = {x +ap ‘ a € R}, (2.10.1)
where z,p € M*(R) with p? = 0. The moduli space of these curves is
PT,; = {x,p€M4(R) ‘p2 =0, x~z+ap foraER}, (2.10.2)

and twistor space in 4 dimensions is a mapping from this space to a new set of
variables which solve the null constraint on p and quotient out by the identification
xr ~ x 4+ ap automatically. Twistor space in four dimensions of space-time is the

most well studied and widely applicable case, and PT, = CP? in 4D.

A general twistor Z = (Z4) € PT is naturally written in terms of two component
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spinors |\) transforming in SU(2)x and |u) transforming in SU(2)y, as

2 |A)
_ , (2.10.3)

|11
The mapping from Minkowski space-time to twistor space is non-local — a single
twistor defines a null ray in space-time, and a point in space-time corresponds to
a line in twistor space. This non-local mapping is encoded in the twistor incidence

relation; a twistor Z is said to be incident with space-time point x if
=z N, (2.10.4)

where z is the 2 by 2 matrix with components z = (z%*) = (2"0(®). Note that the
incidence relation is invariant under a rescaling, respecting the projective nature of
CP3.

Now suppose twistor Z € PT is incident to the light ray R(z, k;), where k; = |7] (i
is the momentum corresponding to the 7*" external state. The null condition on the
direction vector of the geodesic is solved automatically by using the spinor variables,
and the quotient by the identification @ ~ x + a|i] (i] is seen as follows. First let the
twistor Z be incident to each point on R(z, k;), so that |u] = (m—i—a |i] (z|) IA), Vae
R. This condition implies that (iA\) = 0, from which follows that |\) = i) for some
B € C. This  can be removed using the projective scale on the twistor, giving that

the twistor incident to R(z, k;) is
Z= , (2.10.5)

which is invariant under x — x + « ] (i|.

RY;

1] > € PT, and asking what locus of space

Now consider fixing a single twistor Z = (
time points z € X CM*(R) solve the incidence relation |u] = x( IA), | ) |A). This is
equivalent to constructing the inverse mapping to (2.10.5), taking a point in twistor

space and giving a null ray in space time. I will then use this to prove that twistor

space covers all possible null rays.
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There are four possible ways to construct vectors from the spinors |[A) and |u] and
their conjugates, and the set of combinations form a basis for vectors in space-time.

Expanding x in this basis gives

= ] (@l + BIN (Al + 7 1] (Al + 8N (A (2.10.6)

where «, 3,7, 0 € R are functions of [A] and (i), and hence have projective scaling
weight 0. To find the functional form of these coefficients, first consider that x must
have projective scaling weight 0. Then note that |u] (A| has weight 2 and |] (fi| has
weight -2 which cannot be balanced by the scaling weight of 5 or v, and so it must be
true that 8 = = 0. Then it holds that 2 = a |u] (fi| + |\ (\|, and substituting this

form for x into the incidence relation gives that a =

<ﬁ i Following from this the

locus of spacetime points X incident to twistor Z = (m) is equal to the following

null ray,

o elal s R R
X_R( A 1Al W) - { i) + BNl (A ‘ﬁER} (2.10.7)

The position vector in this expression has norm 0, and this is not generically true
for all null rays. To show this expression covers all possible null rays, now prove

that the mapping is surjective. First let z € M?(R) be a general spacetime point

which need not satisfy 22 = 0, and then check to see whether letting x € R('“ Lz k:)
restricts 2, noting that the direction along the line k = |\]|\] already covers all
possible null vectors. Then it follows that |u] = x |A), and this form for |u] can be

inserted into the null ray from equation (2.10.7) to give that

] (Al
(1)

where in the third equality the Dirac algebra z [N [A + |\ (Al z = [M|z|\) has been

A\ = m+6|5\] A =z+ 5k (2.10.8)

used and a new parameter 3 = 3 — W | | N has been defined on the null ray. From

this it follows that twistor space covers all possible null rays in spacetime.

It is clear by writing the twistor in the form given in equation (2.10.5) that the

little group scaling of the momentum vector acts equally on |\) and |u], and so
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the projective scale of the twistor corresponds to the action of the little group in
space-time. It can also be seen at this point that it is possible for a twistor Z; to

correspond to the external state i of a scattering process, without being incident to a

i

spacetime point. In this case Z; = , specifying only the first two components
| i

i) in terms of Minkowski space and not the second two |g;]. Physically this partially

specified twistor can be seen as a consequence of the fact that the state is localised
only in momentum space and not in position space due to the quantum uncertainty

principle.

Much of the physics of how twistor space is relevant to the study of scattering amp-
litudes can be seen as a problem of trying to understand how to assign a space-time
point x incident to the twistor Z; corresponding to each external state i. Three
common approaches to this are problem twistor string theory discussed briefly in
Section 2.11, 4D ambitwistor string theory discussed in detail in Section 2.11, and
momentum twistors [106]. Momentum twistors assign an ordering to the external
states, and then construct a position X; for each twistor in terms of a sum of mo-
mentum vectors k;, and as such is a non-local mapping in particle labels. Momentum
twistors are a powerful computational tool in the study of scattering amplitudes
and give rise to particularly simple expressions for the amplitudes of N = 4 Super

Yang-Mills, although I will not use them in this thesis.

To see how the symmetries of the space-time act on twistor space PT, let Z =
(m) € PT be incident to the ray R(z,k;). The Minkowski inner product x - k; is
manifestly Lorentz invariant under SO(3,1), and is additionally invariant under the
conformal group SO(4,2). This inner product can then be written in two different
forms using the twistor incidence relation |u| = z|\) and its Hermitian conjugate,
so that

w-ky = lilw]i) = [ip] = (i) , (2.10.9)
]T

where [i| = |i)" and (u| = |4 in real Minkowski spacetime as explained in Section 2.2.

The largest subgroup of the general linear group which acts on Z as Z2 — M2Z,



54 Chapter 2. Background Material

for M € GL(4) and which leaves [iu] invariant is the group SU(2,2), defined by
the condition MeM' = ¢ where ¢ = (7?12 102). SU(2,2) is the double cover of
the conformal group in SO(4,2) Minkowski space, and the generators of SU(2,2)
acting on twistor space and SO(4,2) acting on Minkowski space can be shown to be
equivalent [107]. Although the Lorentz group acts linearly on Minkowski space, the
conformal group has no linear representation acting directly on Minkowski space,
and a key motivation for working in twistor space is the simplified linear action of

the conformal group in this setting.

This action of SU(2,2) motivates an inner product on twistor space with metric e.
Twistors W in the dual space are taken to be hermitian conjugates of those in CP3,
so that W = ([p| <y|) The inner product of a twistor and a dual twistor is then
defined as

W-Z:= WeZ = [pu] — (V). (2.10.10)

The dual twistor corresponding to Z is defined to be

Z.=2Z" :(p\y \M]T) = <W </1|), (2.10.11)

with norm given by

z.z=2%z= [\| - (). (2.10.12)

Projective twistor space is defined by the condition Z - Z = 0, and hence only the

twistors in PT may be incident with a null ray and satisty equation 2.10.9.

There is also a second SU(2,2) invariant product defined on twistor space in terms

of the totally antisymmetric tensor € 4gcp, which is denoted by the angle 4- bracket
(ijkl) == eapcpZ{Z] Z{ Z], (2.10.13)

where {i, 7, k,l} € A4 label four twistors corresponding to different external states.

The subgroup of SU(2,2) which corresponds to the Lorentz transformations acting
on twistor space is already manifest from the angle and square bracket structure;

|A) transforms in SU(2), and |u| transforms in SU(2)g. The conformal group is



2.10. Twistor Space 55

reduced to the Lorentz group by introducing a new bi-twistor referred to as the
infinity twistor. The infinity twistor is denoted Z, defined as

0 0
7= XWyBl x= (9) Y = (g) (2.10.14)

0 1

which corresponds to a light ray at null infinity of Minkowski spacetime. Z is invariant

under the subgroup (&9) of SU(2,2), where a € SU(2), and b € SU(2).

Where conformal symmetry is broken a two bracket can then be defined on twistor
space as

(Z,2,) = (5T) = (ij), (2.10.15)

which is equal to the angle 2-bracket in momentum space for twistors corresponding
to external states ¢ and j. Using this two-bracket allows for expression of all possible
momentum dot products in terms of twistor brackets, as k; - k; = (Z;Z,) (Z;2;). The
scattering amplitudes of any conformally invariant theory written in twistor space
should have an expression in terms of twistor brackets without using the infinity
twistor, and any theory which does not have conformal symmetry will require the

infinity twistor in the expression of its scattering amplitudes.

Another key motivation for studying physics in twistor space is that functions on
twistor space automatically solve linearized equations of motion in Minkowski space-
time, of the form O¢(z) = 0 where ¢(z) is a massless spin-s field. Twistor space
can then be seen as an extension of complex analysis to 4 dimensions [108], in the
sense that any complex analytic function f(z, Z) which satisfies 0 f = 0 automatically
solves V f = 0, where the Laplacian is taken in terms of the real and imaginary parts

of z. To see that functions on twistor space automatically solve C¢(z) = 0, note

5;@&]?('@;) _ Waa(x]amd f<x”AA>>> (2.10.16)

Acting again on this formula with ﬁ to produce Of contracts together (A\|* with

that

lul=z|A)

[\) g giving Of = 0 for all functions f(|V).

In general a function on twistor space which is homogeneous with degree 2s’ — 2 such
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that f(aZ) = o ~2f(2) will solve the linearized equations of motion for a spin
s’ field on space-time, and ¢ the explicit mapping from homogeneous functions on
twistor space to solutions to massless linearized field equations on Minkowski space-
time is known as the Penrose transform. For spin s’ > 0, each homogenous function
on twistor space corresponds to two functions on space-time, one for positive and one
for negative helicity, and the Penrose transform in this case is explained in detail in
[109]. Spin 0 fields correspond to twistor functions such that f(aZ) = a~2f(Z), and
in this case there is no concept of helicity and hence only one function on space-time.

The Penrose transform is given in this case by

o) = / AN f <9J!AA>>> (2.10.17)

Note that the scaling weight of f cancels with that of (Ad\) so that the integral

gives a well defined function on Minkowski space-time.

To study the physics of scattering amplitudes in twistor space it is necessary to know
which functions on twistor space are momentum eigenstates and hence correspond to
plane waves in space-time. The form of a plane wave in twistor space corresponding

to a spin s’ particle is given by

R e (R ST

It can be seen that this function satisfies the necessary homogeneity condition
f(aZ) = a*2f(2) by changing variables to #' = at in the integral. To see that
this function corresponds to a plane wave in space-time for spin s’ = 0, take the

Penrose transform of equation 2.10.18 to give

/ (AN VO Q&) - / (AdN) / tdt 6*( Ji) — t[A) )l (2.10.19)

To solve the integrals, expand |)\) in a basis (|Z> : |j>) so that |\) = ali) + 8 |j).

Then fix @ = 1 using the projective scale on the twistor to give (Ad\) = (ij) dj.
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Expanding the delta function in this basis gives that

Of MY e g it 8G ) el
oy v (1) = g asa (e Yo - 1y )e 00
(2.10.20)
The delta functions are then solved by § = 0 and ¢ = 1, and all of the factors (ij)

cancel to give that
A) ,
A VO [V 2 s 2.10.21
[ an v ( ) = et (2.10.21)
a plane wave in Minkowski space-time with momentum k;, and hence a momentum

eigenstate.

Twistor space has a natural supersymmetric extension with A supersymmetries
known as twistor superspace, which has geometry analogous that of non-supersymmetric
twistor space and which I denote and I denote as PTV = CP3V. A null ray in super

Minkowski spacetime is written as
R (.16) .p.1a) ) = {(z +ap.16) + alg)) [ o € R} (2.10.22)

and a supertwistor Z € PTV is written as

z- <'ﬁ§ ) (2.10.23)

X

where |\) and |u] are as before, and y = (x!) are Grassmann odd variables trans-
forming in the fundamental representation of the R symmetry group SU(N).

In twistor superspace there is an incidence relation for both the |u| and the y part
of the twistor, so that

1] =z |A), x = (0A), (2.10.24)

and using these relations calculations in twistor superspace follow roughly analag-

ously to those in twistor space.

Setting this twistor incident to the null ray RN(I, 6) , K, \qz>> , where k; = |i] (i
and |g;) = |i) n; gives that

)
Z = (m) , (2.10.25)
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which is invariant under both z — z + a|i] (1) and [0) — |0) + a|i) n;.

It is standard in scattering amplitudes to work in complex Minkowski space M*(C),
and the corresponding twistor space in this case is referred to as ambitwistor space.
Ambitwistor space exists in general dimensions starting from equations 2.10.1 and
2.10.2, and extending all real variables to the complex domain. In this work I will
focus on ambitwistor space PA in four dimensions, which corresponds to allowing
the twistor Z to become independent of its dual Z. Both the twistor Z and its
ambitwistor conjugate Z are then treated equally, hence the name ‘ambi’, coming

from the Greek for ‘both’.

To form a point in ambitwistor space starting with Z, Z € C?* it is then necessary

to quotient out by the GL(1) scaling
Z i aZ, ZalZ, a € GL(1), (2.10.26)

and enforce that

Z-Z=0. (2.10.27)
Any pair (Z, Z ) satisfying these relations is a point in PA, which can be expanded

in terms of two component spinors as

5 A
zz<<m N) Z= Lj . (2.10.28)

The ambitwistor pair corresponding to external state ¢ can be written

ZZ:((,:M [¢|), Z; = ||Z>] : (2.10.29)
i

and it is natural to define an SU(2,2) invariant square 4-bracket for the dual twistors

in ambitwistor space, as well as a corresponding two bracket using the infinity twistor;

[ijkl] := e*PPWUIW,; sWie Wi WiW;] := [ijZ] = [ij].  (2.10.30)

Twistor superspace has a natural extension to ambitwistors, and in this case mo-
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mentum eigenstates in supersymmetric ambitwistor space can be written as

~ e, dt . N it(jii

V9(2) = tzTﬁQW (7] =t [A]) e (2.10.31)
. dt . e

V) = [l o2 (i) — 1)) i) (21032

where V;*(Z) corresponds to the negative helicity superfield and V;(s) (Z) corresponds
to the positive helicity. The supersymmetry is encoded differently in the two functions
because ambiwistor space is non-chiral and treats the two helicities equally, but the
superspace used is chiral. \7}5)(2 ) can be obtained by complex conjugating Vi(s) (Z)

and Grassmann Fourier transforming back from 7 superspace back to n superspace.

2.11 4D Ambitwistor String Theory

4D ambitwistor string theory is a worldsheet theory whose target space is ambitwis-
tor space, combining computational techniques from twistor theory as explained
in Section 2.10 and string theory [110, 111] to calculate scattering amplitudes in
quantum field theory as integrals supported on the 4D scattering equations intro-
duced in Section 2.8. In essence 4D ambitwistor string theory is a modification
of the original twistor string theory [12, 13] which expresses scattering amplitudes
as integrals over the moduli space of curves in twistor space, and can also be con-
sidered as the specialisation to four dimensional spacetime of a general dimensional
ambitwistor string model [15] which calculates scattering amplitudes in the CHY

formalism reviewed in Section 2.7 from the worldsheet.

Quantum states in the the target space quantum field theory correspond to vertex
operators in the ambitwistor string model, and scattering amplitudes are calculated
as the correlation functions of vertex operators. Finding the vertex operators requires
the worldsheet theory to be quantized, which can be done in the BRST formalism
[112, 80], where a Grassmann-odd BRST operator @ is introduced which generates
transformations in the space of all possible fixings of the gauge symmetries of the

theory. Each gauge symmetry is then assigned a corresponding b — ¢ or 3 — ~v ghost
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system [111] with opposite Grassmann parity to the symmetry, and @ is constructed
from the generators of the gauge symmetries of the theory and their associated ghost
fields [111]. When all of the gauge symmetries of the theory are anomaly-free at
the quantum level the BRST operator is nilpotent so that Q? = 0, and when this
condition holds the string theory is said to be critical. Importantly Q? = 0 implies
that worldsheet conformal transformations are anomaly free, which is necessary for
computing loop amplitudes in the theory. As @) is nilpotent it has an associated
cohomology in the space of operators of the theory, and the set of vertex operators
{V'} is equivalent to the cohomology of ). Then all vertex operators of the theory
must satisfy QV = 0, and are defined up to the identification V ~ V + QW where

W is any other operator.

The perturbative loop expansion of the S-matrix in the quantum field theory cor-
responds to the calculation of this correlation function on worldsheets of increasing
genus, with zeroth order calculations on the Riemann sphere and first order calcu-
lations on the torus. It is possible to calculate tree-level amplitudes using string
theories with anomalous conformal symmetries, but for the theory to be well-defined
on the torus it is necessary for the worldsheet conformal symmetry to be anomaly
free. In this section I consider two 4D ambitwistor string theories; the first contains
both super Yang-Mills and conformal supergravity states and can be made anomaly
free at the quantum level due to the existence of a current algebra in the Lagrangian.
Loop amplitudes calculated will contain Yang-Mills and conformal gravity states,
and there is currently no known way to decouple the states in the loop calculation.
The second contains Einstein supergravity states, where there is no known way to
cancel the conformal anomaly and define loop amplitudes in the theory. The super-
symmetry transformations for a given N are also anomalous at the quantum level
unless A/ = 4 in the Yang-Mills and conformal supergravity case or N’ = 8 for the

Einstein gravity case.

The worldsheet Lagrangian for ambitwistor string theory in general dimensions can

be obtained from the standard string theory action by taking an infinite tension
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limit o/ — 0 which is chiral on the worldsheet, in that it treats the two worldsheet
directions inhomogeneously. The spectra of ambitwistor string theories contain only
states corresponding to a given quantum field theory, which can be understood as
the higher string excitations having been damped out by the increasing tension. It is
also possible to take a zero tension limit which can be related to ambitwistor string

theory in a different way [113, 114, 115].

The Lagrangian is
L=P@+ed)X — %PQ. (2.11.1)

I use a complex Euclidean worldsheet in this work which I denote as s € C with
conjugate s, and I denote worldsheet derivatives as 0 := % and 0 := %. Then X
and P are both worldsheet fields depending on s and s, and the theory has two
gauge symmetries. The gauge field for the first symmetry is e, which parametrises
worldsheet diffeomorphisms in s and is the remaining degree of freedom left from
the worldsheet metric after taking the chiral infinite tension limit. Note that the
Lagrangian is also trivially diffeomorphism invariant in s because it has no kinetic
term in 0. The second gauge symmetry is a GL(1) with gauge field «, and identifies
X ~ X + aP. Hence we find that the target space for this theory is the space of

null geodesics in Minkowski spacetime in d dimensions, as in equation (2.10.2).

Now consider specialising ambitwistor string theory to four dimensions of spacetime.
The worldsheet Lagrangian for 4D ambitwistor string theory [26, 27] can be calcu-
lated from the general d ambitwistor Lagrangian in (2.11.1) by specialising to 4D
ambitwistor space as explained in Section 2.10. This procedure gives the Lagrangian
as

L=Z (0+e)Z+uZ-Z, (2.11.2)

so that Z and Z are mappings from the worldsheet to C**V, both depending on
s and s. This Lagrangian forms the basis for two 4D ambitwistor string theories;
the first contains super Yang-Mills and conformal supergravity states and requires

the introduction of a current algebra, and the second contains Einstein supergravity
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states with Lagrangian given in equation (2.11.14).

The Lagrangian in equation (2.11.2) has two gauge symmetries. The first has gauge
field e describing worldsheet diffeomorphisms as in the general d ambitwistor string,
and the second is the GL(1) gauge field u which generates the projective scaling of
ambitwistor space in equation (2.10.26). The equations of motion for u enforce that
Z . Z =0, and together with the projective scaling this reduces the target space of
the theory down from C*"V x C*V to 4D ambitwistor space PA. The equations of
motion for the twistors enforce that 02 = 02 = 0, and so the worldsheet fields are

holomorphic functions of s.

This is the same action as in twistor string theory [12, 13], and the new feature of 4D
ambitwistor strings compared to twistor string theory are that the worldsheet fields
Z and Z are now on equal footing. In the original twistor string where Z has weight
(1,0) and Z has weight (0, 0), and Z is treated as an auxiliary field which is integrated
out directly in the path integral. In 4D ambitwistor string theory Z and Z both
have conformal weight (%, 0), and the two p fields will be treated as auxiliary fields
in the path integral and integrated out directly. This choice of conformal weights
puts negative and positive spin external states on equal footing, and based on this
there are two types of vertex operators for particles with spin s’, which are based
on the momentum eigenstates in ambitwistor space from equation (2.10.31). 1};(3)
is calculated from ‘N/}(s/)(g’ (s)) and corresponds to a negative helicity superfield, and

V,(s) is calculated from V.(*)(Z(s)) and corresponds to a positive helicity superfield.

The twistor fields from the Lagrangian in equation 2.11.2 can be split into components

as

X()
where x and y transform in the fundamental representation of the R-symmetry

group SU(N). In terms of the spinor components of Z and Z. the 4D ambitwistor

Lagrangian can then be written as
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= (Al 0|\) = [l 9|A] + x - 0%, (2.11.3)
after subtracting the total derivative 0 [NS\} and gauge fixing e = u = 0.

The vertex operators for N' = 4 super Yang-Mills with supermomentum paramet-

erised by |i), |i] and 7; are then given by

Di(s) = GOE)I(s) = [ Lo (1) — o [Ms)]) e B 1(s)

V() = VO(Z)I(5) = [ L8 (1) = tAls)) e omnem )

(2.11.4)

where J is a Kac-Moody current, described in the context of ambitwistor string
theory in [52]. I show that these vertex operators are in the cohomology of the
BRST operator in Section 7.7, and the cohomology also contains vertex operators

corresponding to the conformal supergravity states which I discuss in Chapter 7.

The superamplitude is then written as a correlation function of these vertex operators,
using ) for negative helicity super fields in the left set and V for positive helicity

super fields in the right set

AP = SL <Hvl s1) T] Vi(se > (2.11.5)

leL reR
Now consider this correlation function for Yang-Mills theory with N' = 0 as an
example to see how the 4D scattering equation representation for .A(Loy)n arises from the
worldsheet. The delta function in each vertex operator will contribute a scattering
equation for each external particle in the amplitude, and positive and negative
helicity particles have different vertex operators producing left and right set scattering

equations. Inserting the expressions for the vertex operators gives

ds1dt

Ag)’zl _ HzEN < H 52 (|l t ’S\(Sl)}) eit;(u(s;)l) >

(2.11.6)

IT 8% (Ir) =t [A(s0))) HJS,>

re€R ieN
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This correlation function is then simplified first by combining the s and ¢ variables
into a worldsheet vector ¢ € C? for each particle where o = 7 (1), and hence the
variables for the 4D scattering equations are two component vectors as discussed
in Section 2.8. The worldsheet SL(2) invariance and the GL(1) gauge symmetry
have been combined together in equation (2.11.6), and the resulting GL(2) acts as a

matrix transformation on the ¢ variables with inhomogenous transformation law for

the left and right sets as described in Section 3.1.

The measure changes as % = t?d?0; under this change of variables, and differences
T

of the worldsheet s variables can be written as —— = %) where (ij) = ojo; — 007
i—8j ily

are the minors of the 2 x 2 matrix o. The current algebra for the J fields decouples
from the twistor fields and hence its correlation function can be calculated separately.
In general the current algebra correlator has multitrace terms which couple the Yang-
Mills states to the conformal supergravity states [20], but taking only the highest
order terms in V. neglects these multitrace terms and produces scattering in Yang-

Mills theory. In this case, the correlator evaluates to (ITicar J(8:)) = ITien siis]-'

The correlation function then simplifies to

0 CZ2O' 1 9 ~
AL, = GL(2) 1 (i ¢+1)<H5 (Il] —h WSZ)D x

ieN leL

I 2 () =t IX(s)) ei@za<u<sz>l>+zTERm<sTm>>.

reER

The next step to calculate the correlation function is to write it as a path integral

over the worldsheet fields, as

AP =

d“o 1 ~ P 9 _ )
DINDIN Dl Dli i [ ds(L=3, 02 (s—s)ti(ls)) =y, 82 (s—sr)tr[p(sr)r])

102 (11 =t As0]) TT 8 (1) =t [A(s0)))

leL reR

(2.11.7)

where the exponentials in |u] and |u) variables from the vertex operators have been

combined into the action as an integral over Dirac delta functions.
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The calculation differs at this point from a standard string scattering calculation
due to the fact that |u| and |u) appear only in the exponentials and hence can be
integrated out directly, which arises from the point of view of the worldsheet due
to the fact that the Lagrangian only has kinetic terms in 9 and not d. From the
point of view of the twistor geometry this can be understood due to the fact that
the twistors in each vertex operator are related only to a null vector |i] (i|, and are

not incident with any spacetime position.

The integration in the |u] field gives a functional Dirac delta for the ‘5\} field;

A’S\]N — /D m ez’fd%([#lé\;\]—ZzeLtz[ul}c??(s—sl)) —5 (5 ’5\] _ Ztl 1] 52 (s — Sl)) '

leL

(2.11.8)

The argument of the delta function is the equation of motion for the N field coming
from the Lagrangian with source terms added coming from each vertex operator.

The equation of motion can be solved for this delta function to give

A‘;\] :5<

where o, := 1 (1), using that 0f(s,5) = (s — a) implies that f(s,5) = f(s) = .

S—a

As)] - ;% M)>, (2.11.9)

(sr

The integration in the |i) field is solved similarly to give a functional Dirac delta
for the |A) field, and equation of motion for |\) is solved in the same way resulting

in the following delta function

/\
\/

Ay _5< Z ) (2.11.10)

The path integrals in D|\) and D ’5\> are then localised onto these Dirac delta
functions and can be integrated out directly. This substitutes the solutions to the
equations of motion for |A) and ’;\} into the delta functions coming from the vertex

operators for each external state, giving rise to the 4D scattering equations
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Z<] lel Z(> r€R (2.11.11)

With all of the path integrals solved, the full tree-level S-matrix for Yang-Mills
theory is then obtained from the correlator of the vertex operators as an integral

supported on these equations as

o d2><no. 1

2xn
I Ty i)’ GEnr): (2.11.12)

The cyclic structure in the worldsheet minors can then be seen to arise from the
current algebra correlator, and generalises the Parke-Taylor amplitude to all MHV

sectors.

For Yang-Mills with A/ supersymmetries the calculation follows similar steps, with
the addition of the fermionic fields x(s) and x(s). The x(s) field is integrated out in
the path integral similarly to the bosonic |) and |u| fields, producing a functional
delta function localising the x(s) field onto the following solution to its equations of

motion,

tx(s) = .

reR <S7ﬂ)

This relationship gives rise to the fermionic scattering equations in equation (2.8.3),
and produces the following supersymmetry covariant expression for the complete

tree-level S-matrix

d2><n0. 1
GL2) ey (ii1)

Al = 0PN (SE,, 1), (2.11.13)

For Einstein supergravity, the worldsheet theory has Z and Z € C* as in Yang-

Mills, as well as the following additional fields,

[p)
R = ‘I/] 7—‘~)':([ﬁ|v<l7|7a))7

which have the opposite Grassmann degree to Z, Z, so that for example ( o ) e CVI,
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The worldsheet Lagrangian [21] is given in terms of these fields as
L=Z-0Z+p 0p+uPKp, (2.11.14)

where Kp is a vector containing 8 generators for different GL(1) gauge symmetries,
and u? is a vector of corresponding gauge fields. The index B is for notational
simplicity only and carries no physical significance. The generators of the 8 gauge

symmetries are given by

Kp=(2-2, R-R, 2-R, R-Z, (ZR), [ZR], (RR), [RR]).  (2.11.15)

The first four symmetries enforce that Z, Z, R, and R form all possible ambitwistor
pairs, (ZR) enforces that |p) oc |A) and similarly for [ZR], and (RR) and [RR] are
consistency conditions on the spinor two brackets, ensuring for that (pp) = 0 as is

always the case for bosonic spinors.

The integrated vertex operators are calculated from the plane moves in twistor space

as

Vi(s) = <<Zaaz> + <R 882> R- a(;) 7@ (2(s))
v = (|25] + [Rz| R+ o) V2 (200,

where I define the square and angle two brackets in terms of the infinity twistor in

(2.11.16)

equation (2.10.30), and V,® and Vl@) are the momentum eigenstates in ambitwistor
space for spin 2 particles from equation (2.10.31). These formulae can be expressed
in terms of the spinor components of Z, Z, R, and R, and importantly all derivatives
of delta functions with respect to spinor variables cancel out after calculating the
two brackets with the infinity twistor and the ferminonic correlation function in the
p variables in the path integral. The BRST cohomology also contains unintegrated
vertex operators constructed from ghosts associated with the fermionic currents in
(2.11.15), which are necessary to give the det’ structure where one row is removed

from the Hodges matrices in the worldsheet integral.

This procedure the calculates the following supersymmetry covariant expression for



68 Chapter 2. Background Material

the tree-level S-matrix of Einstein supergravity with N supersymmetries as

d>"g / 177 $2xn|N X
Mfff)L,Nz/GL(Q) det"H det'H 6" XIH(SE, ). (2.11.17)



Chapter 3

Analytical Properties of the 4D

Scattering Equations

In this chapter I provide a detailed analysis of the 4D scattering equations based on
my results from [1]. T cover all aspects necessary for the numerical methods I describe
in Chapter 4, building up to my Mathematica implementation treeamps4d JAF, which
I cover in Section 4.5. In Section 3.1 I give an overview of how to calculate amplitudes
from the 4D scattering equation integral, and I then give a detailed proof of various
properties of the 4D scattering equations in the following sections. In Section 3.2
I explain how to recover the general d scattering equations for d = 4 from the 4D
specific equations, and in Section 3.3 I discuss the symmetries of the equations in
detail. In Section 3.4 I describe how to 4 of equations imply momentum conservation,
in Section 3.5 I discuss how the equations transform under permutations of particle
labels, and in finally Section 3.6 I calculate the Jacobian for the equation for different

cases.
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3.1 Calculating Amplitudes with the 4D

Scattering Equations

In this section I describe the analytical results necessary for solving the 4D scattering
equations to calculate amplitudes given an integrand for a certain theory. These
techniques will then be used explicitly to find amplitudes numerically and analytically
in the package treeamps4dJAF, which I introduce in Chapter 4. The equations are
reviewed in Section 2.8, and are

l=> -, lel 2£(> r € R. (3.1.1)

rell(lr>,
Scattering amplitudes in this framework can then be expressed as integrals over
delta functions enforcing the equations

d2xn

2 52M (SBn1) (0, 1) , 1),

Ans = GL(2)

where fV is a theory-dependent integrand with A supersymmetries.

As shown in equation (2.8.2), at n points there are 2n 4D scattering equations de-
pending on 2n worldsheet ¢ variables. There is a GL(2) symmetry on the worldsheet

which acts as inhomogeneously on the left and right set of worldsheet coordinates

for G € GL(2) as

G
le L _— . 1.2
o, — Goy, € UTHdetGOT’ reR (3.1.2)

Under this GL(2) translation, any minor of the form (Ir) remains invariant, and
hence the scattering equations are invariant. Fixing this gauge symmetry leaves
2n — 4 remaining degrees of freedom. Generally in this work I will restrict to
gauge transformations specified by two particle labels 4, j which fix o; = (}) and
o; = (9), and refer to this operation as ‘gauge-fixing particles ¢ and j’. As the GL(2)
transformations act inhomogeneously on the left and right set, only the two left or

the two right particles can be fixed in this way. The details of gauge-fixing and the
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symmetries of the equations are explained in Section 3.3.

The system now appears to be over specified and four equations must be removed
to match the 2n — 4 variables. Two spinor equations ¢ and j either from the left
set or from the right set can be reduced to a momentum conserving delta function
on support of the other scattering equations, as proved in Section 3.4. I refer to
this operations as ‘deleting particles 7 and j’, and the remaining equations are a

well-specified set of 2n — 4 equations in 2n — 4 variables.

The number of integrations in equation (3.1) is the same as the number of delta
functions, and hence the integrations are an instruction to sum over all of the
solutions of the scattering equations. Deleting equations [ and [’ € L, the Jacobian
of the remaining equations can be calculated to solve the delta function integrals as

follows

f(asol)
(1Y det (JP (0401))
(3.1.3)

d2><n0
AnL

L = GL(Q) 62><n (SEn,L) f<0> = 54(P) Z

g0l €solutions

where J}' is the Jacobian of the scattering equations with respect to the sigma
variables, and the superscript [, [’ refers to removing four rows and columns corres-
ponding to these two particle labels from the matrix before taking the determinant.
The factor (II')* comes from the Jacobian for deleting particles [ and I’ to give 6*(p).
Details of the Jacobian to the scattering equations are explained in Section 3.6. It is
now a well-formulated problem to solve the scattering equations and sum a theory

dependent integrand f over the full set of solutions to produce an amplitude.

Calculating MHV amplitudes is generally more simple than calculating N*=2MHV
amplitudes, and this simplicity is reflected in the structure of the 4D scattering
equations. Analytical solutions to the 4D scattering equations are not known for
general MHV degree, but can be constructed in the MHV sector. First consider the

case where the left set is L = {1,2}. Then the MHV equations become
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e senn) =4 (1= 2 175 ) 0 (2= 5 ) IL# (= 55+ )

reER

(3.1.4)

The most obvious choice of equations to delete in this case are the two left set
equations, which become the overall momentum conservation delta function, along
with a Jacobian factor of (12)®. Similarly, particles 1 and 2 are gauge-fixed to the
identity in the Grassmannian, and each delta function of the right-set equations then

takes the following form, which can be solved by a Schouten identity,

2 <|r> - ng - Ef) <1r<>122<>;>25 <ai - Eﬁi) 5 <az - 2};;) CreR (315)

The full MHV solution along with its minors and the associated expression for the

Jacobian of the delta functions is

e
RS e
v (12) (12)
0 1 m cee M
2Xn 2 12>3 4 2n—4
0" (SEn(12)) = (12) 6 (P)6** (0 — opmv)
reR <1T < r
B / 12 () _(12) _(12)
(12)vav =1 (rr)vav = () (1 (2r) (27) (Ir)muv = r2) (2r)muv = (1)’

(3.1.6)

The Jacobian as calculated this way is in agreement with the calculation from

Section 3.6, where I also consider the Jacobian for higher MHV degree.

Finding analytical solutions for generic kinematics outside of the MHV sector is
currently an unsolved problem, apart from at 6 points NMHV where the scattering
equations have four solutions, which are found for the general d equations for d = 4 in
[101]. Abel’s theorem states that there is no algebraic solution in terms of nth roots
to a general polynomial equation of degree five or higher with arbitrary coefficients

[102]. To find analytical N*"2MHYV solutions above 6 points NMHV some underlying



3.1. Calculating Amplitudes with the 4D Scattering Equations 73

structure would have to exist within the coefficients of the equations, otherwise
general analytical solutions are excluded by Abel’s theorem. Full sets of solutions

can be found analytically for some specific choices of momenta[116].

Due to these difficulties in finding analytical solutions, calculating amplitudes by
solving the scattering equations outside of the MHV sector is primarily a numerical

problem, which I address in Chapter 4.

One key strength of the scattering equation formalism is that once a full set of
solutions is known, amplitudes can be calculated in any theory at relatively small
computational cost. The relevant integrand is chosen, and the only necessary opera-
tion is to sum over the solutions. Solutions to the scattering equations are graded
only by MHV degree and not by a specific choice of left set. This implies that
there must exist some transformation on the worldsheet which can map an integrand
supported on scattering equations for one left set into an integrand for a different
left set of the same degree. For example such a mapping allows for calculation of
all 6 point NMHV gluon amplitudes in Yang Mills theory with only one solution
to the scattering equations; eg. A(+ — + — +—) with left set L = {2,4,6} and
A(— — — 4+ ++) with left set L = {1,2,3}.

The following is an explicit co-ordinate transformation on the worldsheet which
swaps two particles, l[p € L and ry € R, between the left and right sets of the

scattering equations.!

1 1
7o Oy = Oy 70 00 = Ty
Il
ool =)y e, ool —a, T e p (30)
(l?"o) (7“[0)

T thank Paul Heslop for suggesting this transformation.
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Under this transformation the scattering equation integrand transforms as

d2><n0'

GL(2)

PG s P (W) 1 () ()
| ez SE 1@ = [ G 6E) T s T Gt

0" (SEp,z) f(0) v

where L’ has [y swapped with ry. This transformation can be used to calculate a
new integrand f’ for a swap of the choice of left sets for the scattering equations.
Details of how the equations vary under this transformation are given in Section 3.5.

Repeatedly applying the transformation can be used to reassign any left set.

3.2 Recovering the General d Scattering

Equations for d = 4

Solutions to the 4D equations are grouped into sets for the different N*2MHV
sectors, whereas the general d equations depend only on n and do not encode
this grouping. As the 4D scattering equations contain more information than the
general d scattering equations, 4D = general d (for d = 4), which I prove in this
section; a different argument is given in [74]. The proof also provides an explicit
method for finding solutions to the general d equations using those from the 4D
specific case. Integrands for the general d equations for d = 4 can also be mapped

to integrands for the 4D equations [117].

First I prove a lemma which holds for the general d equations. Define world-sheet
dependent momentum P(s) := Y ;c 4 -%i. Then I prove that P(s)> = 0 < the
general d equations. Note that there are no second order poles in P(s)? as all of the

external momenta k; are null. Then

ki kj
ijEN (3 — Sz’)(S — Sj) S5 s — s 7; Si — 5; ’ (3.2.1)
7 i




3.2. Recovering the General d Scattering Equations for d = 4 75

where the second equality comes from using partial fractions and relabelling indices.

P(s) is now written explicitly as a sum of its poles, and hence can only be zero if

all of its residues are zero. Therefore, P(s)* = 0& Y ;c » ” _’i? =
J

To relate to the 4D equations, construct a new explicitly null world-sheet dependent

momentum in terms of two world-sheet dependent spinors |A(s)) :== >, cr ;Tlg and

IA(s)] == >ier Stz_lls]l Then the associated momentum vector is
B ty|r] t ({] |7] < 1 1 )
A )] = (z_) (z_) P
7] ( [r ) { (3.2.2)
g]:% S — S g (rl) ; 7;% (Ir)) s — s

-y L s ULy,

rer S TS e ST S
where the same steps are used as in the previous calculation, and the second-to-last
equality uses the 4D scattering equations and k; = |i] (i|. Given that |[A(s)] (A(s)]
is explicitly constructed as a null vector, the 4D scattering equations imply that

P(s)? =0, and hence by the lemma they imply the general d scattering equations.

This proof also provides an explicit mapping from a solution to the 4D scattering
equations to a solution to the general d equations. A point in the solution space
of the 4D equations is mapped to a point in the n-punctured Riemann sphere by
writing each column as o; = t;* (1), and keeping only the s variables and not the
scales t. Suppose there is some solution to the 4D scattering equations which is
gauge-fixed such that the first two particles are equal to the identity matrix. Under

this mapping the vector (}) maps to the point at infinity, and the remaining gauge

redundancy can be fixed by dividing through by s3 to arrive at

3=

10 o} ... ¢

. - 0.1 0.2 1 0-2
oup = > Sgeneraldd=1 = (00 0 1 4% 7% ). (3.2.3)
2 2 0'4 0'3 O'n 0'3
01 o35 ... oy

Is is clear from this analysis that reconstructing a full solution to the 4D equations

in terms of the s and ¢ variables is not direct given a d = 4 solution to the general
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d equations, and it would be interesting to understand how the ¢ variables can be

specified in this case.

MHYV and MHV solutions to the general d equations for d = 4 were derived in [101].
Using the mapping 3.2.3, the map from the MHV solutions to the 4D equations

derived in Section 3.1 onto those of the general d equations can be seen explicitly as

1 0 42 a2

HSMHV:QX} 0 1 ne2) <n1><32>),

IMHY = G2 (B2

0 1 =56 o 75¢

(3.2.4)

in agreement with equation (49) of [101], up to choice of SL(2) gauge fixing.

3.3 Symmetries, Little Group Scaling and

Grassmanians

The scattering equations have a GL(2) symmetry which can be realised in different
ways in terms of a worldsheet redefinition, or a worldsheet redefinition with a cor-
responding little group rescaling. The worldsheet GL(2) symmetry in (3.1.2) is a
combination of the standard SL(2) symmetry of global conformal transformations
in the string worldsheet s variables, and a GL(1) transformation corresponding to a
rescaling of the worldsheet ¢ variables. Any function f(o) which is integrated against
the scattering equation delta functions must transform as f(o) — f(o)(det G)"~2
under (3.1.2) to balance out the transformation of the measure. All of the integrands
for the theories considered in Section 2.8 satisfy this transformation law, as enforced

by their underlying 4D ambitwistor string models [26].

Before considering joint worldsheet and little group transformations, I first analyse
the little group scaling of amplitudes supported on the scattering equations. Consider

a general amplitude A, ; with some arbitrary integrand f(o, |3}, |i]),
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d2><n

AnL'

Lo GL( )52><n (SEnL) f( |Z>7|Z])

Perform a different little group scaling for each particle, such that |i) — «; |7) and

|i] — a; ' |i]. Then the amplitude transforms as

d2><n

A (0 i), o |i]) =

ooy

lEL

(3.3.1)

To relate to the previous expression before the scaling, define new worldsheet co-
ordinates such that o] := al_lal for [ € L, and o, := a,.0, for r € R Then change
variables and rename back to o, picking up factors of the a; from the delta functions

and the measure to arrive at

d2><n

A p(aili) ot i) = /G ()5“” SE,.2) [T od T o flewon, ooy, i), a7t [i]).

leL reER

(3.3.2)

Now consider how the integrand for Yang-Mills theory with N supersymmetries as
defined in Section 2.8 scales under the little group. Under this little group trans-
formation the Grassmann variables transform as 7; — a; 'n;, and the Grassmann
delta functions transform in a similar way to the scattering equation delta functions.
The transformation of the Parke-Taylor factor cancels out that of the measure, and

the integrand becomes

stM(alalaaglaraai |@> , O 1 OZ nz Hal =N H Oé stM > | ] 771)
leL reR

(3.3.3)

From this the standard little group scaling is found for negative and positive helicity
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superfields of a Yang-Mills superamplitude, that

Ans(aili), o i a7 ) = TT o™ T a7 > An (1) 1], mi), (3.3.4)

leL reR

and a similar analysis produces the required scaling for gravity amplitudes.

The variables to 4D scattering equations can be considered as 2 X n matrix with a
GL(2) gauge freedom, and hence appear at first sight as though sit in the Grassman-
nian Gr(2,n). This is not directly the case however, due tho the fact that the GL(2)
acts differently on the left and right sets of particles. I now show that combining a
little group transformation with a worldsheet rescaling can produce a standard GL(2)
transformation which acts homogeneously on the left and right sets, and hence the
solution space of the equations can indeed be considered as Gr(2,n). Simultaneously
performing an inhomogeneous little group scaling such that [[] — all],|l) — o~ 1)

for l € L and |r] — B|r],|r) — B~ |r) for r € R, the scattering equations become

- e 2o B )
O (SBns) = [T a0 <” adetGZ( )JJRM ( TG ))
_ a2”_4k(det G)Qn—2k52><n (SEn,L) ’
(3.3.5)

where in the last equation § = adet G is chosen to keep the equations invariant.

The measure and delta functions combined transform such that

/de §2xn (SEn) £( |_>/ d>*"o 52><n SE,.1) (detG)3” 2k , 2n—4k
GL(2) " "

f(Ga, all),a ], adetG |r), (adet G)~t|r]).

(3.3.6)

As was shown above, the little group transformation of the amplitude A comes from
little group covariance of the integrand f. Any f which integrates to an amplitude

must transform covariantly under the little group, and hence f must transform as a
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scaling transformation for any combined little group transformation and worldsheet
rescaling. It can then be concluded that for any f which describes an amplitude

there must exist some x and y real numbers such that

f(Go,ally,a ™ l],adetG|r), (adet G) " |r]) = (det G)*a f (o, |i), |i]).

Given f which transforms in this way, the little group scaling o can be chosen such
that (det G)3n~2Ft2q?=4k+y — 1 and hence this transformation is a symmetry for
any amplitude supported on the scattering equations. This GL(2) invariance is the
GL(2) invariance of the Grassmannian Gr(2, n), and hence in this sense the solutions

to the scattering equations can be thought of as living in Gr(2, n).

3.4 Deleting Equations and Momentum

Conservation

In this section I demonstrate how to remove four equations to give a momentum
conserving delta function. There are three possible cases; two particles in the left
set, two in the right set, or one particle in each set. First consider the case of two
particles in the left set. Without loss of generality, label these particles to be 1 and
2. Defining the delta functions for these particles to be Ay o,

NP (m -3 <'1])) o ('2] 2. (gj))

reR reR

— (12)*5 (\1 (12) Z I )52 (\2] @1 -3 |T22<f)1>> .

reR

Now consider a general right set equation and contract with first with (2|, and

separately with (1|, to find that

(3.4.2)

poy
T
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Substituting into A o,

Aus — (12)* 5 (muwzwm) >

reR reR,l€L
1#£1,2

A (CEETI RS

reR rER,IEL (
1#1,2

(3.4.3)

The remaining left set equations are then used to solve the sum over r in the last

term in each delta function, arriving at

Ao = (12)* ((ngm ny> )52(<n§\n] <n\>y1>) = (12)*6*(P).

(3.4.4)

This is referred to as having ‘deleted equations 1 and 2’, and the remaining 2n — 4

equations give a well-specified system. Note the Jacobian (12}2 for this calculation.

The calculation for deleting two equations in the right set goes by the same steps,

and labelling the two particles in the right set to be r; and ry:

52 (\m -> (W)) 5 <|r2> -> (JZ)) = [r72)° 6* (P) . (3.4.5)

There is one remaining choice; deleting one equation from the left set and one
equation from the right set. Choosing equations in this way does not produce a
momentum-conservation delta function, and hence does not result in a solvable
system for spinors satisfying momentum conservation. To see this, label the left set
particle as 1 € L, and the right set particle as n € R. Then following the same

analysis as above,
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= (1 ( (o) + 5210 i) ) (52 01+ 1) o)
(3.4.6)

These equations looks deceptively similar to momentum conservation. I prove here
that they are in fact not the same, and give a constraint corresponding to non-generic

kinematics.

Solving the first equation as |1] = ﬁ S |4] (in) and substituting into the second,

these delta functions imply that

ZP P+ Z |4) = |n) <§B>2 =0, (3.4.7)

1,J=2
J#i

where between the first two equalities the second sum is split into two terms, and
the indices are relabelled using a Schouten identity. Hence to keep (;onsistency with
these equations either |n) or the Mandelstam invariant (Z;‘;zl H-) must be set to
zero, and neither of these choices correspond to generic kinematics. Therefore, it is

not possible to delete one equation from each set.

3.5 Permutations and Choice of Left Set

A given n point N*"2MHV amplitude will be supported on scattering equations
with a specified left set L. In this section I show how solutions to the scattering
equations for one left set can be used to calculate amplitudes with the same MHV
degree that are supported on different left set L’. This mapping of different left
sets is important computationally as it will allow us to solve the equations only
once in each MHV sector and then calculate all amplitudes of this MHV degree for

the specified numerical momenta. The explicit worldsheet transformation swapping
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particles [y € L and ry € R in between the sets is given in equation (3.1.7). Under

this transformation, the scattering equations transform as

lor
E — B ((;TOO)) E, E, — (loro)Ex
E g, _ (1) o E loro)E
r — r (Tlo) T0 0 — (OTO) lo»

where a Schouten identity in the worldsheet variables is used in the [ and r equations.
The second terms in the [ and r equations are zero on support of the [y and rg
equations, and hence the scattering equations remain the same up to changing the
particles [y and ry between the left and right set. The delta functions pick up

4

an overall factor of (lyrg)~*. Calculating the transformation of the measure, the

scattering equation integral transforms as in equation (3.1.8).

Performing a permutation of the external data on the same legs [y and ry and looking
at the transformation properties of the integrands, it can be understood that the
amplitude does not depend on a choice of left set for maximally supersymmetric
theories and for N' = 4 conformal supergravity. This transformation can also be used
to understand permutation invariance under swapping between the right and left
sets for N' = 8 supergravity. Showing permutation invariance of gravity amplitudes
under a swapping two legs which carry the same helicity superfield is straightforward,

and simply requires renaming the worldsheet variables on the permuted legs.

Now look at the form of the integrand for Yang-Mills theories. Under this trans-

formation,

/ A2 o 52 (SE L) [lier N (771 — 2 reR (77;))

GL(2) [icy (i41)
o Miew Y (0= Seer @) v
_>/ GL(2)5 (SEn.1/) ey (ii+1) (loro) ™~
(3.5.1)

For NV = 4 the integrand is unchanged up to a choice of the left set, and hence

for N' = 4 super Yang-Mills theory the choice of left set does not affect the overall
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superamplitude. Now look at the MHV sector for N' = 0, fix L = {1,2} and swap the
external data for particles 1 and rq, as well as performing the integral transformation
to swap 1 and rq. It is clear that (1rg)* = %, which is exactly the factor required
to modify the Park-Taylor formula for particles 1 and 2 negative helicity gluons to
have particles 2 and ry with negative helicities. It is interesting to note that this

structure extends outside of the MHV sector at the level of the integrand in the

scattering equation formalism.

3.6 The Jacobian of the 4D Scattering Equations

In this section I detail some properties of the Jacobian of the 4D scattering equations.
For a general worldsheet integral over the scattering equation delta functions, the
integrals can be solved and the expression can be written as a sum over the solutions
to the scattering equations. To do this, an explicit expression is needed for the
Jacobian J7(o) as follows. I use the notation for matrix A that A% has rows and

columns 7 and j removed. Let [,I’ € L and delete equations [ and [’ to arrive at

d2><no.

GL(2)

f(Usol) _
(1Y det(Jp W (041))

07" (SEnp) f(o) = 0% (P) .

g0l €solutions

(3.6.1)

Note that as shown in Section 3.4, the two rows/columns deleted must either both
be in the left set or both in the right set, and there is an extra associated factor eg.
(I')?* such that the full determinant of the Jacobian is (1I') % det(J %) for two left

set particles deleted and gauge-fixed.

At n points with left set L the Jacobian is calculated to be

BEL BEL 6 |T‘}®O’r |7',]®Ul
doy 0o, o ET'GR Ir)? Ir)2
Jp= | = () ) : (3.6.2)
OE,. OE, ({{|®cr S 3 {l|®0y
doy Do, (Ir)Z —Urr! ZUeL (172

where the matrix is written in a block form with blocks of sizes of the left and right

set, and each element of these matrices is broken down into a 2 X 2 matrix which is a
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tensor product of a spinor with a worldsheet vector. This matrix has determinant 0,
which is simple to check analytically for example in MATHEMATICA. This is insured
by the fact that gauge-fixing removes 4 of the sigma variables, and hence four of the
rows of the matrix must be removed to produce a well specified system. Similarly,
four of the columns of J; must be removed, which is equivalent to deleting two

equations as shown in appendix 3.4.

In the MHV sector this matrix is block diagonal and the determinant in terms
worldsheet minors can be calculated directly. Taking the left set to the particles 1

and 2 and also gauge-fixing and deleting these particles

det (Jf; 5)?) = det (8@ ) I det ( 1] ®)m + <2(|2<f>);’2> , (3.6.3)

reR

A general result for determinants of sums of tensor products of two dimensional

vectors is given by

det (Z o @ vi> = Z a;aj det(uu;) det(vv;), (3.6.4)

i=1 1<i<j<m

for m variables u;,v; € C? and a; € C. Using this result for the MHV calculation

m = 2 gives

12) (12)
det (2 ,12) = T A2 12 3.6.5
( {1,2} ) TIE_L (1r)2(2r)? ( )
where in the last equation the MHV solution from Section 3.1 is substituted in.

It is also possible to analytically evaluate the Jacobian outside of the MHV sector.
Assume 1,2 € L and gauge-fix and delete particles 1 and 2, and use the formula for

the determinant of a block matrix to find that
OF OE, OE, (0E,\ ' OFE
det (J1%) = det ") det - ! - 6.
¢ (J ) ¢ <80‘r/> © (80'1/ 80}/ (80}/) aUl/ ’ (3 0 6)

where 7,7’ € Rand [,I' € L/{1,2}.

As % is block diagonal, it is comparatively simple to calculate its determinant and

r
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inverse. Using equation (3.6.4) the determinant becomes

det (8@) 1T Z rz')‘ (3.6.7)

reR l<l’€L

To invert this matrix first notice that in the 7,7’ indices it is simply 6,,, leaving the
calculation of the inverses of the 2 x 2 blocks. The general result for a 2 x 2 matrix
M that M~ = det(M)~* (% §) M (97') can be used to invert in the spinor and
worldsheet indices. This corresponds to raising and lowering the two indices, and
dividing by the determinant as calculated by equation (3.6.4). The result is then
that

0E, OE, (0E,\ ' OE,
det —
(90’1/ 80T/ (90}/ (90’1/

_ 7| ® o (I'A) (IN) (AN (AN)
= det (Z DY) (Z (Ar)2(I'r)? — ow Z WW)) )

rer (IT)* Xacwer TN2(rA)2 \NEL A<NEL

(3.6.8)

where the determinant is taken over [,I’ € L/{1,2}, combined with the tensor
product of spinor and worldsheet indices. In the NMHYV sector it is found that
[ = 1" = 3 and the determinant of the remaining 2 x 2 matrix can be calculated using

equation (3.6.4). As an example, at 6 points NMHV the determinant is

097028 o 2
W TOZ/ER [rr'] (rr") (W) (U0 ; €nErp p(AP)” (3.6.9)

I<l'eL PER

det(J{61,2,31}2) =






Chapter 4

Monte Carlo Numerical Methods

for the 4D Scattering Equations

In this chapter I treat the 4D scattering equations as a numerical system which I solve
by Monte Carlo algorithm, based on my work from [1]. T introduce the numerical
system in Section 4.1, and discuss why previous algorithms in the literature do not
work in this setting in Section 4.2. I present a new Monte Carlo algorithm for
solving the equations in any MHV sector in Section 4.3, and discuss the details of an
algorithm for extracting component amplitudes from a superamplitude in Section 4.4.
[ implement the analytical framework from Chapter 3 and the numerical algorithms
developed in this chapter in my MATHEMATICA package treeamps4dJAF which can
be downloaded from the arXiv submission of [1], and which I introduce in Section

4.5.

4.1 The 4D Scattering Equation as a Numerical

System

The 4D scattering equations can be thought of as 2n — 4 equations with variables

o in the Grassmannian Gr(2, n), and are parameterised by a set of spinors obeying
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momentum conservation, as explained in Section 3.3. A full set of solutions to
the scattering equations at n points N¥"2MHV will then be a mapping from the
external data of the amplitude to <Z:‘3> points in Gr(2, n). In the MHV case I
give this mapping analytically in Section 3.1, but finding analytical solutions for
k > 2 is complicated due to the combinatorially increasing number of solutions. A
well-specified problem is to provide explicit numerical momenta, which will usually
be randomly sampled, and to then solve the resulting equations numerically. CHY
provide an inverse-soft type algorithm for finding individual numerical solutions to
the general d equations [11], but there are difficulties in constructing the full set of
solutions in this way which I discuss in Section 4.2. To overcome these problems
I provide an explicit algorithm which takes a set of numerical momenta as input
and samples random numerical points in Gr(2, n) to find solutions to the equations
stochastically. Algorithms of this type are known as Monte Carlo algorithms, and
Monte Carlo methods in high energy physics are well studied [118, 119]. Though
not generally applied to solving nonlinear algebraic equations, their application to

this type of problem is straightforward.

Random sampling of solution points will eventually cover the whole sample space,
and so with enough computing power and time, any non-linear system of equations
can be solved by Monte Carlo algorithm. The two key questions to address are when
to stop the algorithm, and which distribution to sample the initial points from. The
scattering equations are well-suited for solution in this way because the number of
solutions is known which gives a clear stopping condition. I address the sampling
question in Section 4.3. Finding a set of solutions this way is stochastic and can
take a long time, with time complexity now distributed as a random variable which
depends on n and k. The expectation of the time complexity increases as n increases
and as k moves towards | 5]. One advantage of the 4D formalism compared to the
general d equations that makes it better suited for solution by Monte Carlo algorithm

is that the (n — 3)! solutions are broken down into Eulerian numbers of solutions,

tabulated in Figure 4.1. This means that the algorithm can stop after finding a
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smaller number of solutions than in general dimensions.

Once a full set of numerical solutions are known for a given number of points and
MHYV degree, along with the corresponding momenta and left set, they can then be
used to calculate amplitudes in different theories for a selection of different external

states by substituting different integrands into the sum over solutions.

Tree-level amplitudes are all rational functions of external momenta, and hence for
rational numerical external data they will be a rational number. The solutions to
the scattering equations are in general not rational numbers, but given a set of
rational kinematics they can be calculated to very high precision at relatively low
computational cost via deterministic algorithm once all solutions are known. It is
then possible rationalise to the closest rational number to give exact numerical results

for the amplitude, and treeamps4dJAF provides support for this kind of calculation.

; (%)

4 1

3 11

6 141

7 111111

8 126 66 26 1
9 157 303 302 57 1

10 1120 1191 2416 1191 120 1

Figure 4.1: Eulerian numbers of solutions to the 4D scattering equa-
tions

4.2 Difficulties with CHY’s Inverse Soft

Algorithm

One proposed algorithm to find numerical solutions to the general d equations is
that of CHY [11], which takes one of the momenta soft with parameter € to reduce
the equations from n points down to n — 1 points. The soft parameter is then
reintroduced, and the soft equation at O(e) is solved for each of the (n—4)! solutions

to the n — 1 point equations. The solutions then have a multiplicity of n — 3, and
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these points are input back into the system with € moving slowly up from 0 to 1. As
this algorithm involves slowly bringing the soft parameter back to the full n point
system, it is referred to as an inverse soft algorithm. (n — 3)! solutions to the n
point equations will be found in this way, but there is no guarantee that all of these
solutions will be distinct, and hence they will not necessarily cover the full solution
space. It seems to be a generic feature of the algorithm that solutions collide in the
inverse soft part of the process, and it is difficult to find kinematics which produce

all solutions at n points with this algorithm.

The inverse soft algorithm is based on an inductive argument for counting the total
number of solutions, and it can be extended to the 4D case using the analogous
4D solution counting argument, which is reviewed in Section 2.8. Taking one soft
parameter € for left set particle 1 € L so that |1) — €|1), and a further parameter €

for a right set particle n € R so that |n] — €|n], the 4D scattering equations become

] . In] 1) 1)
1] — — — ¢ =0 n) —e—~ — =0
reR\{n} (1T) (1”) (Tbl) lEI%l} ( )
e b . [
= 5 T =t L ey =0 re R\

(4.2.1)

It can be seen that the worldsheet variable for the particle in the soft limit decouples,
and the equations reduce to n — 1 point N*"2MHYV equations when € = 1,& — 0 and
n — 1 point N¥*3MHYV equations when € = 1,¢ — 0. Evaluated on the solution to
the lower point equations, the remaining equation for the particle that decoupled

gives the multiplicity for each solution, as shown in equation (2.8.9).

As detailed in [11] this method is sufficient to produce individual solutions for a
specific n and k, but difficulties are found when trying to construct all of the solutions
in this way. In four dimensions, two of the different solutions constructed from a
lower point amplitude can converge to the same higher point solution, as shown at 6

points NMHYV in Figure 4.2. Hence the maximum number of solutions this algorithm
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can find is <Z:§ >, and generically it does not find all of the solutions.

MHYV and MHYV solutions are known analytically, and the first non MHV case is at 6
points NHMV, with four solutions. The € soft limit gives a 5 point MHV amplitude,
and the € soft limit produces a 5 point MHV amplitude. The soft limit equations
both have two solutions. Figure 4.2 describes the norm of the MHV solutions as
they evolve from € = 0 up to € = 1 in blue, and the MHV solutions from € = 0 up

to € =1 in yellow.

A norm is defined on the solutions by taking the standard norm on C", after flattening
the 2 x 6 worldsheet matrix with gauge-fixed rows deleted down to C®. As depicted
in Figure 4.2, the solutions converge when ¢ = 1. Note that where the lines cross for
€ € [0,1] only the norms of the solutions are equal and not the solutions themselves.
Interestingly, when the algorithm is run for € slightly larger than the 1 the solutions

separate again.
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Figure 4.2: Convergent solutions at 6 points NMHV using CHY's
inverse soft algorithm. Orange solid lines are solutions
coming from 5 points MHV and blue dashed lines are
from 5 points MHV.

In the case shown in Figure 4.2, both of the solutions from 5 points MHV collide
separately with two individual solutions from 5 points MHV . In general for different

randomly selected numerical momenta at 6 points NMHV I have found zero, one or
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two pairs of solutions converging, and the number of pairs that converge appears
to be random based on the selection of random momenta. Solution crashing is a
ubiquitous phenomenon; it occurs for nearly all choices and the difficulty is rather

to find cases where the solutions do not crash than to find cases where they do.

These difficulties with the inverse soft algorithm inspire developing new methods,

and [ solve this problem using a Monte Carlo algorithm.

4.3 Monte Carlo Algorithm

The Monte Carlo equation solving algorithm in treeamps4dJAF is implemented via
NSolveMonteCarlo. Many initial random points are sampled from a distribution
described below, and chosen as the initial conditions for a FindRoot calculation.
These initial calls to FindRoot run for many iterations, and stop after only one digit
of precision is met. Most initial guess points will be far from a solution, and will not
converge to 1 digit of precision by the specified number of iterations. Those which
do not converge are discarded, and the ones that do converge go back into FindRoot
up to a higher precision. These points are now solutions, which are compared with
a list of all currently found solutions and duplicates are discarded. The algorithm
stops when a suitable stopping condition is met, which may be after a specified
amount of time or number of iterations, or when some or all solutions are found. A

pseudo-code for this algorithm is

function NSolveMonteCarlo(equations, variables)

Compile equations and Jacobian down to C code for faster evaluation

while a stopping condition is not met do

Sample 100 initial solution points from a specified distribution

Run FindRoot on each point. Stop after 1000 iterations, or when a point

solves the equations to 1 digit

Run FindRoot to higher precision for points that solved the equations
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Compare solutions to a specified precision and discard any duplicate
solutions found
end while

end function

NSolveMonteCarlo is tailored to the 4D scattering equations in the function
NSolveScatteringEquations4D. This specifies the stopping condition to be when
all of the Eulerian numbers of solutions are found, and selects an appropriate dis-
tribution to sample the random points from. Figure 4.3 gives a statistical analysis

1 and of the distribution of solution points

of the time complexity of the algorithm
for all currently accessible n and k. Figure 4.4 expands on this analysis for 6 points
NMHV, giving a histogram of the timings. Timings are positively skewed with a
similar shape for other n and k. Based on this, the algorithm can currently handle

at most around 500 total solutions. Accessing the next cases would require around

1000 solutions, at 10 points N?2MHV and 13 points NMHV.

I now analyse the sampling of the initial points, and explain which distribution to
sample from for most efficient results. Firstly, I solve momentum conservation in
terms of the spinors |1] and |2], and delete equations 1 and 2 so that these spinors do
not appear in the equations to be solved. This way every random numerical spinor
generated is unconstrained, and hence comes from the same uniform distribution.
Note that the statistics of the solution points is gauge dependent, and as I always
gauge fix particles 1 and 2 it is not possible to make a direct comparison between
data points with & = k&’ and with k = n — &/, even though these cases at first glance

should be symmetrical.

I perform a statistical analysis at 6 points NMHV, as guided by the analytical
understanding in the MHV sector. A solution at 6 points NMHV can be considered

as a matrix in C*** after removing gauge-fixed columns. I project this down to a

LAll timings were calculated on a Linux desktop computer with 3.30GHz Intel(R) Core(TM)
i7-5820K processor, and vary depending on what other processes were running during evaluation
of the algorithm.
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(173) | Newns | No | 7o | MAD, ¢ STD,
4 | 7559 | 483776 | 0.448 | 0.462 | 1.82s | 1.23s
11| 1047 | 230340 | 0.433 | 0.448 | 125s | 1225
26 | 1001 | 624624 | 0.443 | 0.461 | 1. min | 50.1s
57 | 57 | 90972 | 0.408 | 0.427 | 22.9 min | 15.8 min
120 | 9 | 34560 | 0.423 | 0.427 | 4.33hr | 3.65 hr
247 | 2 | 17784 | 0.508 | 0.508 | 10.7hr | 1.57 hr
1001 | 220220 | 0.482 | 0485 | 39.8s | 1.49 min
66 | 53 | 83952 | 0.439 | 0.447 | 31. min | 29.9 min
302 | 2 | 16912 | 0.397 | 0.403 | 28.7hr | 2.67 hr
26 | 328 | 204672 | 0.539 | 0.533 | 3.45 min | 3.02 min
57 | 51 | 81396 | 0.665 | 0.642 | 21.2 min | 17.6 min
120 | 17 | 65248 | 0.698 | 0.702 | 59.8 min | 34.9 min
247 | 2 | 17784 | 0.627| 0.61 | 11.5hr | 7.81 hr
502 | 1 | 20080 | 1.71 | 1.76 | 22.3 hr -
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Figure 4.3: Statistical summary of distribution of solutions to 4D
scattering equations and timings of NSolveMonteCarlo
algorithm. N, is the number of different set of nu-
merical momenta used, N, = (4n — 8) <Z:;’> Niuns 1S
the number of solution points checked, ~, is the scaling
parameter of the fitted Cauchy distribution and MAD,,
is the median absolute deviation. f is the average time
and STD; is the standard deviation. Note that when
Niuns is small solution point statistics may not be reli-
able even though N, is large, as they come from a small
number of different choices of numerical momenta.

vector of real numbers in R, and hence collect 48 real numbers for each set of
numerical momenta which I refer to as ‘solution points’. I then run the algorithm for
statistically many sets of random numerical momenta, and collect all of the solution
points together into one data set. A histogram of this data is plotted in Figure 4.5.
The data are best fitted by a Cauchy distribution, for which the probability density

function has the form

P(z: 70, 7) = 1<( L >. (4.3.1)

my \(& = 20)? + 77

The data are symmetrically distributed around 0, and hence the location parameter
xg = 0. This leaves only one remaining parameter ~, which is tabulated for some

cases in Figure 4.3. Apriori it would be expected that ~ is a function of n, k and
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Figure 4.4: Histogram of timings for finding all solutions
to the 4D scattering equations for 7559 sets
of numerical momenta at 6 pts NMHV using
NSolveScatteringEquations4D. The blue curve is
FrechetDistribution[3.7,1.6,-0.2], as a best fit by
MATHEMATICA.

the size of the uniform distribution from which the random momenta are sampled.
Some intuition can be used from the analytical result in the MHV sector to reduce
this down to just v = 7v(n, k). Solution points in the MHV sector have a form such
as Re(%), as shown in Section 3.1. Hence the size of the uniform distribution from
which the random events are sampled will divide out statistically, and will not affect
the distribution of the solution points. This independence is guaranteed for higher
MHYV degrees as solutions have mass dimension 0. Performing a statistical analysis
of numerical solutions to the scattering equations outside of the MHV sector also
verifies these properties, for example as shown in Figure 4.3 where different values

for ~ are tabulated. The data in Figure 4.3 show that v is insensitive to k also. I

find this independence of v on n and £ to be intriguing and counter-intuitive.

From this analysis, it seems clear that the initial points should be sampled from the
relevant Cauchy distribution. However, very many initial points must be sampled
for each iteration of the algorithm, and sampling points from Cauchy distribution
is significantly slower than sampling from a uniform distribution. I find in practice

that it is more efficient to approximate this Cauchy distribution with a uniform
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Figure 4.5: Histogram of 43776 solution points at 6 points NMHV
taken from 7559 different random momenta. The blue
dashed curve is CauchyDistribuion[0,0.447], and
the red solid curve is an approximation with the uniform
distribution U([—0.894, 0.894]).

distribution. To approximate a normal distribution with a uniform distribution, one
could choose a symmetric range with a width which is a small multiple of the standard
deviation, eg. U([—20,20]). This poses a problem with the Cauchy distribution as it
has infinite standard deviation. I use instead the median absolute deviation (MAD),
which is roughly equivalent to the v parameter of the Cauchy distribution, and is
tabulated for different n and k in Figure 4.3. To solve the equations for a given n and
k, NSolveScatteringEquations4D uses the tabulated MAD values from Figure 4.3

to sample initial points from U ([—2MAD, 2 MAD]).

When finding solutions by Monte Carlo algorithm, a large percentage (~ 2) of the
solutions tend to be found comparatively quickly, and it can take a long time to
find the remaining solutions. It is possible that sampling a certain percentage of
the solutions from the approximated uniform distribution and then sampling the
remaining solutions from the relevant Cauchy distribution could help to overcome

this problem; I leave this for future work.
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4.4 Efficient Component Amplitude Extraction

Extracting individual component amplitudes from a super amplitude written as an
expansion in Grassmann parameters is a well specified and well understood operation,
as explained in Section 2.3. Explicitly evaluating these calculations on the computer
is not as simple as the operation itself might suggest. The most naive application is
to expand out the Grassmann super amplitude in terms of each of its factors, and
to then throw away any of the terms which are equal to zero either due to n? = 0 or
because they do not match the integration measure, but this algorithm is prohibitive
in terms of memory usage in the computer. For example a product of m € N factors
each with a sum of m terms in different Grassmann numbers will result in a total of
m™ terms when expanding out naively, nearly all of which are zero. This motivates

finding a more efficient algorithm.

In the scattering equation formalism, the Grassmann delta functions are always
written in the form [J,c; & (m — > reR %) Integrals of this expression over a
subset of the 1 variables of dimension kN are a special case of a Grassmann integral
of the form I := [d™n[TiZ, (372, Aijn;), where some components of the matrix A
are given by worldsheet minors, and the rest are zero. Grassmann integrals of this
type can be evaluated in an especially neat analytical form, and it is found that I =
det(A). Numerical computation of determinants is generally implemented with an
algorithm of time complexity around O(m?), and hence the Grassmann components
can be extracted in a very efficient way using this formula. Grassmann integration
of functions of this form then consists simply of assigning the correct values to the
matrix A and calculating its determinant. Any product of Grassmann delta functions
takes this form, and specifically the fermionic delta functions of the scattering

equations, as well as many other standard representations for superamplitudes.

The RAM and time efficiency of this algorithm can be improved further for numerical
computations by storing the matrix as a sparse array, where all elements are assumed

to be zero unless they are specified (in the case of the 4D scattering equations as
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worldsheet minors). The evaluation of the determinant can then be held until explicit
numerical values are substituted in for the worldsheet minors, and the determinant
of a numerical matrix is all that need be calculated. Calculation in this way is very
efficient, saving the need to store large intermediate analytical expressions in the

RAM.

4.5 Implementation in Mathematica with

treeamps4dJAF

treeamps4dJAF provides a set of computational tools in MATHEMATICA for ana-
lytical and numerical calculation of amplitudes at tree-level. The package’s most
high-end functions are tailored for calculations in the 4D scattering equation form-
alism using the techniques derived in Chapters 3 and 4 of this thesis. It is simple
within the package to insert new scattering equation integrands and sum them over
solutions to the equations, providing a toolbox to explore new theories in which the
equations may be relevant. The package also provides functionality for calculating
MHYV amplitudes analytically with specified external states in the supermultiplets
of Yang-Mills and Einstein gravity theories, and graviton multiplets in conformal
supergravity. Moving out of the MHV sector the package also provides function-
ality for solving the scattering equations numerically and using these solutions to
calculate amplitudes. At a more low-level analysis of the code, many functions
and a framework are provided for analytical computations in general in the spinner
helicity formalism for amplitudes, including for example functions for dealing with
antisymmetric brackets and the Schouten identity, and for evaluating expressions in

terms of momentum twistors numerically.

I include some discussion of the key functions from the package in [1], and in the
supporting files of the arXiv submission I provide the MATHEMATICA package along

with example code and full documentation, and a lookup table with solutions to
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the equations. Numerical solutions to the 4D scattering equations up to 12 points
NMHYV and 9 points in all MHV sectors are currently accessible to the algorithms
of treeamps4dJAF, and I tabulate full solution sets with rational external data for
these cases in the accompanying data file SolutionLookupTable.csv which allows

for fast calculation of amplitudes without solving the equations.






Chapter 5

From 4D Scattering Equations to
On-Shell Diagrams in N = 4 Super
Yang-Mills

In this chapter I develop the theory of scattering amplitudes in AN/ = 4 super Yang-
Mills by relating formula derived from on-shell diagrams with those supported on
4D scattering equations, based on my work from [2] and appendix C of [3]. I start
with the MHYV sector at tree level in Section 5.1, where I first derive a Grassmannian
integral formula for the amplitude using on-shell diagrams. I then map the worldsheet
expression supported on 4D scattering equations into this Grassmannian integral
formula using link variables. I then move to the NMHYV sector at tree level in
Section 5.2 where I use the same approach, taking into account the fact that this
case is more complex as a choice of contour is necessary to specify the Grassmannian
integral. I show how to relate the contours arising from the 4D scattering equations
and on-shell diagrams by a global residue theorem, and how the three terms arising
from on-shell diagrams come from a single top form which can be calculated from a
Postnikov diagram. Finally in Section 5.3, I use on-shell diagrams to obtain a new
worldsheet formula for the 1-loop four point amplitude via the link variable mapping.

This formula is manifestly supersymmetric and supported on new 1-loop scattering
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equations refined by MHV degree.

5.1 Tree-level MHV

In this section I derive Grassmannian integral formulae for tree-level MHV amplitudes
in V' = 4 super Yang-Mills using on-shell diagrams and the 4D scattering equations.
The 4D scattering equation formulae can already be thought of as integrals over the
Grassmannian Gr(2,n) if the worldsheet coordinates o; are arranged into a 2 x n
matrix. For N¥2MHV amplitudes, this Gr(2,n) must be mapped into Gr(k,n)
via link variables in order to compare with the expressions obtained from on-shell
diagrams, so I will first describe this mapping for MHV amplitudes. I will generalize

to non-MHV and 1-loop amplitudes in subsequent sections.

I will first derive the Grassmannian integral formula for MHV amplitudes by mapping
the 4D scattering equation formula in (2.11.13) into link variables. This can be
accomplished by inserting 1 in the form
| = / I deo (clr - 1) (5.1.1)
leL,reR (ir)

to obtain

© _ d2><n0. 1 _i
Anz = GL(2) .H (i i-+1) Il deno (C“" (lr))

ieEN leLreRr

x [] o2 <|l] > ]r]) I1¢° <|r> +> ar |l))

leL reER reR leL
where the left set is chosen to be L = {1,2}. Using GL(2) symmetry to fix o7 = ({)
and oy = (9), then (12) = 1, (1r) = 02 and (2r) = —0o}, the delta functions in the

link variables can then be written as

II o (clT — (llr)> =11 %(5 (of — 1/01T) J (O'Tl + 1/62T) : (5.1.2)

leL,reR reRr C1rCor

Furthermore, on the support of these delta functions

C1;C2i+1 — C144+1C2;4

(z' z'—l—l) =
C1;C2iC1i+1C2i+1
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2 1

Figure 5.1: On-shell diagram for tree-level n-point MHV amplitude
in N/ = 4 super Yang-Mills in terms of (n — 1)-point
MHV amplitude

for 3 <17 < n—1. Hence, the worldsheet coordinates are integrated against the delta

functions in (5.1.2) the following integrals over link variables are left:

A~ | @D oy (C-3) 2 (1. )
"2 ) (12)...(n)

where the link variables have been arranged into a 2 x n matrix C'

1 0 ¢ ... Cip
C= v (5.1.3)

0 1 Co3 ... Copn
and (ij) now refers to a minor of C' involving columns ¢ and j rather than an inner
product of worldsheet coordinates. If C' is thought of as an element of Gr(2,n), the

formula above corresponds to a particular choice of coordinates on this space. The

formula for MHV amplitudes can then be written covariantly as follows

201
GL(2) (12)...(n1)

AL} = 52 (€. 3) 6022 (X ¢, (5.1.4)

where the GL(2) allows one to fix four elements of the C-matrix, as done in (5.1.3).

It not difficult to derive this expression directly from on-shell diagrams. Indeed
for MHV amplitudes, there is only one on-shell diagram to consider, depicted in

Figure 5.1. At n points, it is given by
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dBdy [ d>IC o o

0) _
A= 55) Tarw

(C-X)sm22(x-cH)T(1,2,..,2-1)

where Z is the integrand of the (n — 1)-point sub-amplitude, without the delta
functions. The C' matrix can be computed in terms of edge variables following the

algorithm in Section 6.1, and is given by

1 ... 0 «v
C = :

0O ... 1 p
where the rows correspond to legs (1,n—1) and the ellipsis encodes the edge variables
of the subdiagram. Noting that (1n—1) =1, (1n) = 5, and (nn—1) = ~, the integral

over edge variables can be uplifted to the following covariant expression in Gr(2,n)

(0) . d2><n0 (1 n—l)
Anz = GL(2) (In)(nn—1)

5221 (C : X) §n=2)x2 (A : CL) 7 (i, 2, ..., ﬁ—l) .

Using the GL(2) symmetry to set C' = A, the following recursion relation is obtained
for MHV amplitudes

0 _  (In=1) (9
Anz (In) (nn—1) An12
which is easily solved to give
54|8(P)

Ay = =————.
? [lic.y (ii+1)

It is easy to see that (5.1.4) is the unique Grassmannian uplift of the above formula,

which can be seen by using the GL(2) symmetry to choose C' = A.

5.2 Tree-level NMHV

In this section I generalize the calculations of Section 5.1 to non-MHV amplitudes,
which involves an additional subtlety. Whereas Grassmannian integrals for MHV
amplitudes are completely localised by the bosonic delta functions in C'- X and \-C+,

for non-MHV amplitudes there will be more integrals than delta functions so one
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must specify a contour in order to make the integrals well-defined. In particular,
for an N*¥“2MHYV amplitude there will be k(n — k) integrations and 2n — 4 bosonic
delta functions (after subtracting four that impose momentum conservation), so
the dimension of the contour will be (k — 2)(n — k — 2). The precise form of the
Grassmannian contour integral will depend on the method one uses to compute
the amplitudes. The contour integral implied by BCFW reduces to summing over
residues of a single top form in the Grassmannian, each of which corresponds to an
on-shell diagram, and can be related to the contour integral arising from the 4D

scattering equations using global residue theorems.

To make the discussion as simple as possible I will focus on the example of the
6-point NMHV amplitude, which is the simplest example of a non-MHV amplitude
since the contour in the Grassmannian Gr(3,6) is one-dimensional. I first review how
to obtain its Grassmannian integral formula, which was previously derived using

various approaches in [28, 78, 72, 120, 73].

6 5 6 5
O ° . 5 O °
o O ° O ° ® o O

1 p ® oO—@ 4

4 p ! )
2 3 1 2 3 4 2 3
3+5 4+4 5+3

Figure 5.2: On-shell diagrams contributing to the 6-point NMHV
amplitude in V' = 4 super Yang-Mills

Using the recursion relation defined in Figure 2.2, there are three on-shell diagrams
contributing to the 6-point NMHV amplitude, which are shown in Figure 5.2. The
first one corresponds to combining a three point MHV diagram with a five point
MHYV diagram which will be referred to as the 3+5 channel diagram. Secondly two

four point diagrams can be pasted together, this channel will be called the 4+4
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channel. Finally, a five point MHV can be pasted together with a three point MHV

diagram, and this will be referred to as the 5+3 channel.

Figure 5.3: The 543 channel BCFW diagram contributing to the
6 point NMHV in N = 4 super Yang-Mills. Edge vari-
ables are denoted as «;. The label [ is not an edge
variable.

On-shell diagrams in N' = 4 super Yang-Mills can be evaluated in terms of edge
variables using the algorithm defined in Section 2.9. Assigning arrows and variables
to the edges of the 543 diagram as shown in figure 5.3 gives following formula for

the C-matrix by summing over paths between external legs

(65107 305 + Oy 1 0 0 O
Csi3 = Qg Qs 01 ag 0 | (5.2.1)
018(041 + 052) (%107 0 0 (0% 4 1

where the rows correspond to legs 3, 4,6 which have incoming arrows. This matrix
has the minor (456) = 0, which will ultimately imply a contour in the Grassmannian
when writing down a covariant formula for the 5+3 diagram. In order to derive such

a formula, first consider the following deformation of the C'-matrix,

Q05 asas+a4 1 0 a O
Csis = Qg as 01 ag O |- (5.2.2)

ag(a1+a2) g3y 00 (074 1
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This deformed matrix now has (456) = « and depends on nine parameters, so it
can be used to define an integral over Gr(3,6). Using the algorithm in 2.9, the 5+3

diagram is given in terms of edge variables by

d doy; I .
A (543 = Res/ “11 O(j‘53X<2l4>(C.A)53x2(A-0L). (5.2.3)
i=1 ?

Using

8

d°C = pzogdo H do;

i=1

and

(123)(234)(345)(456)(561)(612) = aajasasay(asasas — aas)arag,

equation (5.2.3) can be uplifted to following covariant formula,

" (456)=0

where d**%Q is as defined in (2.9.2).

In summary, I find that the 5+3 diagram arises from a residue of the canonical
volume form of Gr(3,6). From this, the 345 diagram can be calculated immediately
by complex conjugating and permuting the external legs. Under this mapping,
[ij] <> (i7), and (ijk) — €ijkapc(abc) and the permutation P = (12312 %) is applied
to obtain

AY) 4 = Res / 400, (5.2.4)

(234)=

Finally consider the 4+4 channel diagram, which is oriented and labelled as in
figure 5.4. In this case, the (612) minor of the C-matrix vanishes, so the following

deformed matrix is considered

(%)) 1 Oég(Ck50éﬁ + @7) 30 0 0
é - (6% O 5Qg (673 1 0 ) (525)

10y 0 a4(a5a6 —+ 067) + Q50608 &6(064 + Oég) 0 1

which has been constructed to have the minor (612) = a. In terms of edge variables,
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Figure 5.4: The 444 channel BCFW diagram contributing to the
6 point NMHV amplitude in N' = 4 super Yang-Mills.
Edge variables are denoted as «;. The labels 5 and v
are not edge variables.

the diagram can be written

AGS (14) = Res / da v do‘253x<2|4>(0.X)53“(A.éi).

=1 Q;
Noting that
8

d3><304+4 = Oé30é40égOé7dOé H dOéi
i=1

and

(123)(234)(345)(456)(561)(612) =

aapazaapazag(—aragasas + alag(asag + ar) + asasas)), (5.2.6)
the 4 + 4 diagram uplifts to the following covariant expression:

A vy = JBes / d¥5Q,. (5.2.7)

Note that the 4+4 must be self-conjugate under complex conjugation, and (612)
exactly remains invariant under this transformation, paired with the permutation P

defined in the 5+3 calculation.

Hence, the full amplitude can be written as a sum of three residues of a single top

form

ALY = (Res + Res + Res )/d3X6§24 (5.2.8)
’ (234)=0  (456)=0  (612)=0
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Figure 5.5: Postnikov diagram for the 6 point NMHV amplitude in
N = 4 super Yang-Mills

| -
=
k S

k+1 k+2 n-1 n

Figure 5.6: Postnikov diagram for n-point N*~2MHV amplitude in
N = 4 super Yang-Mills

This can be written as a contour integral if one defines the contour to encircle the
three poles in (234), (456), and (612). The existence of such a formula relies on the
fact that the three on-shell diagrams in Figure 5.2 can be embedded into a single
diagram depicted in Figure 5.5, which is referred to as a Postnikov diagram [121].
In particular, the 3+5, 5+3 and 4+4 diagrams in Figure 5.2 correspond to residues
with respect the edge variables «, 5 and 7 respectively, using the square moves and
mergers. More generally, the Postnikov diagram for an n-point N*"2MHV amplitude

in A/ = 4 super Yang-Mills can be constructed as in Figure 5.6 [122].

I now derive a Grassmannian contour integral formula for the 6-point NMHV amp-
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litude of N' = 4 super Yang-Mills using the 4D scattering equation integral formula,

0) _ d**%0 1 2/4 _ ﬂ 2 [ |y — ﬂ
A= Gt Mg 0o (-5 ) 12 (1 -5 1)

ieN lelL reR reR leL

where T have chosen the left set to be L =€ {1,3,5}. First multiply by 1 in the form

of an integral over link variables

1= [ I dao (cl,,. - (;“)>

leL,reR
to obtain
d*>*Sq 1 1
A(O) - . dclr5 (Clr - )
6,3 GL(2) Zgy (1i+1) leLl;IeR (Ir)
« T 5 (m Y m) o (1) + e
leL reR reR leL

Next use the GL(2) symmetry to fix oy = (§) and o3 = (9), so that the eight
remaining worldsheet coordinates are fixed by eight of the delta functions in the link

variables. In particular,

15 (e )5 (ov ) = g2 (7= )3t )

reRr reR
and
1 1 C12C34C32C14 2
(52 <52>> ( <54>> B, (enens — cne)’ 02 %)
where
1 C12C14 (C32C54 — C34C52
ag‘: ( ) . (5.2.9)

C52C54 (032014 - 012034) C39C34 (012054 _ 014052)

Note that there is one remaining delta function in the link variables which will not

be integrated out, and which provides the following constraint on the ¢,

1 C52C54C16C36 (032014 - C12C:34)
0 - = o(S
(CSG (56)> Cs56 ( )

where
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S = c5aC36 (054016 - 056014) (012034 - C14032)

— C32C56 (014036 - 016034) (052014 - 054012) .

Putting everything together then gives

- e o) e
where
1 ¢c12 0 ca 0 ¢y
C=10 ¢ 1 34 0 c36
0 ¢2 0 a1 36
and

S = (123)(561)(346)(245) — (125)(136)(456)(234). (5.2.11)

Uplifting equation (5.2.10) to a covariant expression in Gr(3,6) gives a contour
integral in the Grassmannian, taking §(S) — 1/S and defining the contour to

encircle the pole at S = 0 gives

d**6C 1 135
Aé?% = Res (135)

s=0.) GL(3)S (123)(345)(561)53X(2l4) (C ' X) 0% (A ' C“) . (52.12)

A global residue theorem can now be applied to wrap the contour around the other

poles of the integrand to obtain

#6C 1 (135)
0 _
Aos = << oSyt s +(5I6{16)S0> GL(3) S (123)(345)(561)

123)=0  (345)=0 (5.2.13)
G (¢ X) 62 (- ).
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Using Pliicker identities, S in equation (5.2.11) can be written as
S = (135)(234)(456)(612) — (246)(123)(345)(561).

Noting that the second term in S can be discarded on support of each of the residues
in (5.2.13), it can be seen that (5.2.13) is equivalent to (5.2.8), which was deduced

from on-shell diagrams.

In summary, I have obtained two Grassmannian contour integral formulae for the
6-point NMHV amplitude in N = 4 super Yang-Mills using on-shell diagrams and
the 4D scattering equations, given by equations (5.2.8) and (5.2.12) respectively.

Remarkably, these two contour integrals are related by a global residue theorem.

5.3 One-Loop

In this section I derive a worldsheet formula for the 1-loop four-point integrand in
N = 4 super Yang-Mills using on-shell diagrams. The worldsheet formula is are
manifestly supersymmetric and supported on 4D 1-loop scattering equations refined

by MHV degree.

Using the on-shell diagram recursion in Figure 2.2, I find that the 1-loop four-point
amplitude can be obtained by applying a forward limit and BCFW bridge to the tree-
level 6-point NMHV amplitude, which is described by the three on-shell diagrams
in Figure 5.2. After doing so, only the 4 + 4 channel diagram survives and using
square moves and mergers the 1-loop 4-point amplitude can be described by the
on-shell diagram in Figure 5.7 (for more details, see [65]), which can be obtained
from the diagram in Figure 5.8 by taking the forward limit on legs — and + and
attaching a BCFW bridge to legs 1 and 4. The strategy will therefore be to derive
a Grassmannian integral formula for Figure 5.8, convert it to a worldsheet formula,
and apply a forward limit and BCFW bridge to obtain a worldsheet formula for the

1-loop 4-point amplitude.
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2 3
O ®
O I O—@
e—O I O

i 10]{0] 4
O ®

al4](1|

1 4

Figure 5.7: On-shell diagram for 1-loop four-point amplitude in
N'=4 super Yang-Mills

2 3
O ®
O O—@

D)
1 + - 4

Figure 5.8: On-shell diagram from which Figure 5.7 can be obtained
by taking a forward limit and adding a decorated BCFW
bridge.

Based on this prescription I define the loop momentum to be the sum of the momenta

in these two edges:

0:=10] (0] + o |4] (1], (5.3.1)

and I define two left and right sets, one for the 4 point amplitude and one for the
6 point diagram before taking the forward limit. Then L := {1,2} and R := {3,4}
so that 4/ = LUR = {1,2,3,4}, and L' := {1,2,—} and R’ := {3,4,+}, with
N'=LUR =¥ U{+,-}.

The diagram in Figure 5.8 can be obtained from the on in Figure 5.4 by relabelling

the external legs according to P = (12 2 139). Applying this relabelling to (5.2.7)
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then gives the following Grassmannian integral formula for Figure 5.8:

e 1

(0) Res
"46,3 (4+4)y — (012)=0) GL(3) zel:[V’ (1i+1 i+2)

(0 X) 622 (A-Ch) . (5.3.2)

To convert this into a worldsheet formula, it is written in terms of link variables
which can then be written in terms of GL(2) covariant minors of the worldsheet o
variables. This can be accomplished by choosing coordinates on the Grassmannian

such that

cir 1 0 ¢35 cq4 O
¢ = cor 0 1 co3 coq O (5-3-3>
0 0 0 c_3 c_4 1
where the rows correspond to legs 1,2,5. The residue in (5.3.2) sets ¢, = 0, and
hence there are eight link variables which are fixed by eight bosonic delta functions in
(5.3.2); recall that the remaining four delta functions enforce momentum conservation.
Equation (5.3.2) can then be written as

1
AL gy = [ @C T]

ey (i1 z—l—2) e <C )\> 5> <)\ CL)

where d®C' is an integral over the eight link variables in (5.3.3).

The next step is to convert this to a worldsheet integral by introducing six punctures
on the 2-sphere with homogeneous coordinates o; € C?,i € A", Setting o1 = (9)
and oy = (), the coordinates of the remaining four punctures then provide eight
integration variables which match the number of link variables. To map the link
variables into worldsheet coordinates, multiply equation (5.3.2) by a factor of 1 in
the form

1—/ 11 alzaZ (H (5(0 —i—)é(a —;)) 5 (o,—ai) (5.3.4)

i€N T~ reR’ 2r

where
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. 1 (014073 - 613674) C23C24
O’_ =
€-3C— (614023 N 613624) (0230—4 - 6240—3) C13C14
which has been chosen so that
5 (o~ o) = (12)(30) [] 0 (c_r _ ! ) (5.3.5)
(r—) (=7)

reR

in terms of worldsheet minors (i7). The remaining delta functions in equation (5.3.4)

can also be written in terms of worldsheet minors as

s 2ol ) W st (o ) oo )

Using these expressions it is now straightforward to integrate out the link variables

against the delta functions, leaving an integral over worldsheet coordinates. Uplifting

the resulting worldsheet integral to a covariant expression in Gr(2,n) gives,

(0) _ d>g 1 (14)(+-) 24 (11 ﬂ 2
Ahwsr= [ e I v (7 Sim)?

ieN! reR

leL reR reER

I (-5 - ) I (- 5

To obtain a worldsheet formula for the 1-loop amplitude from this expression then

take a forward limit |+ (+| = —|—] (—| by setting (|—],|—),n-) =

- |+> 777+)7

and define a new set of variables for the loop momentum so that (|0],|0),n0) :=

(I-],|—),n-), as well as BCEW shifting legs 1 and 4. The loop momentum is then

defined as in equation (5.3.1), and the measure in these variables is given by

d'¢  d*|0]d*[0) do
2 volGL(1) a

Then exchange the definitions of o, and o_ to give

d* >0 1 (14)(+-)

mn_ [2*
A= |5 GL(2)

eN’! leL

H (i +1) (1) (+4) 52(E81))52 (E((]l)> H 5214 (El(l

)16 (B,

reR

(5.3.7)
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where the 4 point 1 loop scattering equations refined by MHV degree are given by

the zeros of the following functions

Bo:=10] -3 ) Ey == |0) —El:— (5.3.8)

—~ (—r)’ (+1)

where [4) = |4) — a (1], (m,ﬁl) = (|1] + «|4] , m1 + any), and the hats act trivially

on the other spinors.

The ratio of brackets multiplying the Parke-Taylor factor corresponds to summing

over the exchange of o, and o_, by the identity

! _ 1 (14)
2 CH@@E)EN D)~ CH@)E0En Goay . 0310

+——

Compared to the tree level equations there are also two auxiliary punctures o, and
o_ which encode the loop momentum. Making the following definition for a 4 point
one loop scattering equation delta function
(52X6|4X2(SE$%) 52 (Eél)) 52 (E(gl)> H 5214 <El(1)> H 52 (Ef,l)) , (5.3.11)
leL reR
the 4 point 1 loop integrand of N/ = 4 super Yang-Mills can then be written as the

following 6 point worldsheet integral supported on 1 loop 4D scattering equations

refined by helicity degree

A [T ( ! e —)) p2o2(sE())  (5.3.12)
2 vol GL(2) \ (=1)...(4+)(+—) ’

The scattering equations in (5.3.8) have a unique solution on the support of which

the worldsheet integral in (5.3.12) gives rise to the standard loop integrand in terms

of quadratic Feynman propagators, and I will now solve the equations explicitly

to show that the worldsheet integral evaluates to the 4 point 1 loop integrand.

After replacing the scattering equations for particles 3 and 4 to give a momentum

conservation delta function and gauge fixing the punctures for particles 1 and 2, the



5.3. One-Loop 117

equations form a linear system with solution

10 BUG2 _ [B402) (%) (@3404]R+0s]20]
P (113+0]4] (1]4+0|3]  (10) P0234<12)[03][04]
g 1 B0 By 03 gEroaicosol

(2[3+0[4]  (2/4+0[3]  (20) P2 (12)[03][04]

where the columns are labelled 1,2,3,4, +, —, and Py; = [0] (0| + |3] (3] + |4] <41‘ =
{ + k3 + k4. The relevant minors of this matrix needed to evaluate the worldsheet

integral are given by

(12)=1 (23) =~ <1[Z|)):;l ]i1§|>4]
14y — _3402) (34) = BPQ2°PE,
(2|4 + 0|3] (1|3 + 0]4](1]4 + 0|3](2|3 + 0[4] (2|4 + 0|3]
(1) = (1|3 + 0J4)(1[4 + 0[3][01] (41) = [34]2(12)3(04)
[03][04](12) P2, (2|4 4 03](1|4 4 03](10)(20)
(12) [34]
(+1):'_Eiﬁ (4_)::Rfﬂ’

and the Jacobian for the system, defined by (52X6(SE$)L) = J6W(P)d® (0 — 0401),
is given by

[34]°(12)°

/= P2, (13 + 0[4](1]4 + 0[3](2[3 + 0]4](2[4 + 0[3][30]2[40]2(10)2(20)2 °

(5.3.13)

Combining the integrand and Jacobian on support of the solution above, the world-

sheet integral can be evaluated to

(14)
(~)(I2)(23)(34) (A1) (1))
[34° de
)(12>2 /52(64- kea)2(0 + ks 4 ka)2(0 + ko + ks + k4)2’

(1) d' 2x6 _ $2x6|4x2 (qpa(1)
A42 :/ET/CZ O'(S (SE47L)

_ 54|8(

noting that |0] (0| + |4] <21’ = (+ 4] (4], which is the four point amplitude as required.

I now point out some important features of the worldsheet formula for the 1-loop
4-point amplitude in (5.3.7). First note that it contains an integral over the loca-
tions of six punctures on a genus-0 worldsheet. Whereas the punctures 1,..,4 are
associated with the four external particles being scattered, punctures — and + are

associated with the two internal particles participating in the forward limit. The
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Figure 5.9: The worldsheet configuration describing a 1-loop 4-point
amplitude using the 4D scattering equations.

worldsheet can therefore be visualised as Figure 5.9, which corresponds to a non-
separating degeneration of a genus-1 worldsheet (similar to the 1-loop amplitudes
of 10D ambitwistor string theory [33]). The integral over loop momentum is im-
plemented by decomposing it according to (5.3.1) and integrating over the forward
limit momentum |0] (0] and BCFW shift parameter o which appear in the 1-loop
scattering equations in (5.3.8). Note that (5.3.7) is manifestly supersymmetric and
does not contain Pfaffians, so is simpler than previous worldsheet formulae for 1-loop
amplitudes. On the other hand, it must be regulated when integrating over loop

momentum since it is intrinsically four-dimensional.

A natural question is then how to extend this formula to higher points, which is
currently unclear. At five points, there are three on-shell diagrams, two of which
encode the forward limit of a 7-point tree-level amplitude and one of which encodes
a one-loop four-point amplitude dressed with a soft factor, as explained in more
detail in [3]. Although it is straightforward to map each on-shell diagram into a
worldsheet integral, it is unclear how to combine them into into a single worldsheet
formula because the scattering equations associated with the soft term appear to be
incompatible with those encoding the forward limit. The natural generalisation of

(5.3.12) to n points is

II (Hil) + (4 —)) d(SE), (5.3.14)

ie N U{+,—}

A(l),FL - ﬂ d2><(n+2)
" ] 2 vol GL(2)
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which evaluates to the forward limit contribution to a general n-point one-loop
NF¥MHV amplitude, rather than evaluating to the full integrand. The intuition
coming from these formulae of adding a BCFW shift to a worldsheet expression lead
to n-point worldsheet formulae with quadratic propagators in the general dimensional

formalism in [3].






Chapter 6

On-Shell Diagrams in N =8

Supergravity

In this chapter I extend the theory of on-shell diagrams in N’ = 8 supergravity first
considered in [70], based on my work from [4]. I start by describing a streamlined
algorithm for computing on-shell diagrams in this setting in Section 6.1. I then
derive the Hodges form of the tree level MHV amplitude in Section 6.2, starting
with a Grassmannian integral formula for the amplitude using on-shell diagrams,
and then mapping the worldsheet expression supported on 4D scattering equations
into this Grassmannian integral formula using link variables. In Section 6.3 I derive
a simplified version of the BGK formula for the tree level MHV amplitude, using a
planar recursion in the on-shell diagram formalism. I then move to the NMHYV sector
at tree level in Section 6.4 where I derive a Grassmannian expression for the 6 point
NMHYV amplitude using a planar on-shell diagram recursion. I show that the three
terms arising from on-shell diagrams cannot be calculated from a single top form as
in A = 4 super Yang-Mills. In Section 5.3, I use on-shell diagrams to obtain a new
worldsheet formula for the 1-loop four point amplitude in N’ = 8 supergravity via the
link variable mapping. As with A" = 4 super Yang-Mills in Chapter 5, this formula is
manifestly supersymmetric and supported on new 1-loop scattering equations refined

by MHV degree. In Section 6.6 I explain how to incorporate the bonus relations for



122

Chapter 6. On-Shell Diagrams in A/ = 8 Supergravity

N = 8 supergravity into on-shell diagrams in the MHV sector, and in Section 6.7

I derive identities relating spinor brackets to minors appearing in Grassmannian

integral formulae which are necessary for the analysis in other sections.

6.1 Algorithm for Computing On-Shell

Diagrams

In this section I provide a streamlined version of the algorithm for calculating on-shell

diagrams in N/ = 8 supergravity in terms of Grassmannian integral formulae which

I review in Section 2.9. In particular, given a decorated on-shell diagram computed

from the recursion relations described in Section 2.9;

1. Choose a perfect orientation for the diagram by drawing arrows on each edge

such that there are two arrows entering and one arrow leaving every black

node, and two arrows leaving and one arrow entering every white node.

. Label every half-edge with an edge variable o so that there are two variables

for each internal edge (one associated with each of the two vertices attached
to the edge). Then set one of the two edge variables on each internal edge to
unity, and set one of the remaining variables associated with each vertex to

unity. There will be 2n — 4 edge variables remaining after this step.

To construct the integrand, include a factor of da/a? for each edge variable
leaving a white vertex or entering a black vertex and da/a® for each edge

variable entering a white vertex or leaving a black vertex.

. Now include decorations associated with the BCFW bridges and spinor bracket

factors associated with the vertices. The spinor brackets at the bridges cancel
with the bridge decoration to leave only edge variables. This step can be

summarised as:
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(a) For each BCFW bridge, look at the sub-diagram formed only by this

bridge, its two vertices, and the four legs attached to it.

o If there is only one path through the sub diagram which includes the
bridge, assign a factor of the edge variable on the bridge, divided by

the two edge variables on the legs which are not on that path.

o If there are four possible paths through the sub diagram, divide
through by a factor of each of the edge variables on the external legs,

and the edge variable on the bridge squared.

If there is no edge variable in any of the locations described above, then

this edge variable was set to unity in step 2.

(b) For each remaining black vertex not attached to a bridge, add a factor of
(1j) where 1, j are the two edges with ingoing arrows. For each remaining
white vertex not associated to a bridge, add a factor of [ij] where i, j are

the two edges with outgoing arrows.

5. Now it is necessary to relate all internal spinors to external spinors. This can
be done algorithmically by noting that all spinors are related to each other by

- Y ( 1 ae)m

paths j—i \edges in path e

= ¥ ( Il ae)m. 611

paths i—j \edges in path e
In practice however it is often possible obtain simpler expressions using the

relations between square and angle brackets at each vertex given in figure 6.1.

6. Calculate the C-matrix in terms of the coordinates assigned to the diagram
by associating each column with an external leg and each row with an ingoing
external leg. The element Cj; can then be computed by summing over all paths
from leg i to leg j taking the product of all the edge variables encountered
along the path as in the first line of (6.1.1). Similarly, the C*+ matrix can be

computed by summing over the reverse paths as in the second line of (6.1.1).
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After doing so, include the following delta functions in the integrand
5k><(2\8) (C . 5\|C . 77)5(n—k)><2()\ . CL)

7. If the diagram contains closed loops, include a factor of JV =4, were J is a

sum over products of disjoint closed loops [71]:
T=1+>_fi+ >, fifi+ > fififu+ -
% disjoint 7,5 disjoint 4,5,k

and f; is minus the product of edge variables around the i’th closed loop. Note
that when there are many closed loops then diagrams become complex to
calculate, and a method to work with these cases is given in [123].

8. The above procedure gives an expression for the on-shell diagram as a Grass-

mannian integral in terms of specific coordinates. This can be uplifted to a
covariant expression by expressing the rest of the integrand in terms of minors.
This results in an SL(k) invariant expression, but the overall GL(1) scaling of
the GL(k) gauge freedom will not be correct in general. There will always be
one minor which is gauged fixed to be equal to unity, and the correct number
of factors of this minor should be included in the integrand to give an overall
GL(1) weight of zero to the integrand. Note that d**"Qy in (2.9.2) has GL(1)
weight N' — 4. For on-shell diagrams contributing to non-MHV amplitudes,
this lift will specify a nontrivial contour in the Grassmannian. Details of this
process for 6 point NMHV amplitudes in N' = 8 supergravity are explained in

Section 6.4.

6.2 Hodges Formula for Tree-level MHV

In this section, I will derive a new Grassmannian integral formula for the MHV

amplitudes of A/ = 8 supergravity, generalising the results obtained using on-shell

diagrams in [70] to n points. As with N' = 4 super Yang-Mills in Section 5.1, start
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Figure 6.1: Relations between spinor bracket factors at each vertex
of an on-shell diagram in N' = 8 supergravity

by multiplying 1 in the form of integrals of delta functions as in equation (5.1.1) into

the 4D scattering equation formula from Section 2.8 to give

d2><n 1 _
(0) _ ’ ’
M, GL2) ZEEERdClT (clr (lr)) det "H det "H
(6.2.1)
x TT0*° (1) = e 1)) TT 6% (I7) + car 1))
leL reR

where I have chosen L = {1,2}. Using the GL(2) symmetry to fix oy = () and
oo = (9), the delta functions can be written in the link variables as in (5.1.2), and
on the support of these delta functions
(ij) _ C15C2; — C1;C25
C1;C2iC1;5C2j
where (ij) are the minors of o, and i,j € R. Next remove row and column 1 from
#H, and remove row and column n from H and additionally rescaling the 7’th row of

H by ¢1;¢9; and the j’th column by c1;Co;. Then det’' H = (12), H reduces to

. rr! C1pC - rr!
%rr — Z [ ] 1r! 27"/7 ?—[TT/ _ [ ] T # T/,

sy C1rCopr — C197C2p C17C2p C1rCopr — C1p/Cop

where 7,7/ € {3,...,n — 1}, and the rescaling of the rows multiplies det’ H by a factor
of Hr 3 ClTCQT
Integrating out the worldsheet coordinates in (6.2.1) against the delta functions in
(5.1.2) then leaves the following integral over link variables

A2 (12) det H

M= | “gnw) (1) e (C N (),
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Figure 6.2: On-shell diagram contributing to tree-level n-point
MHYV tree amplitude in A = 8 supergravity

where (ij) now refers to the minors of C'. Note that on the support of the delta
(12)

» (12)

is invariant under permutations and hence can be replaced with %

functions
for any p,q € 4. For a derivation of this identity relating spinor brackets to minors,

as well as a generalisation to higher MHV degree, see Section 6.7.

Uplifting the expression in equation (6.2) to a covariant expression in Gr(2,n) gives

M) d>"C (pq) det H

= 2x(2[8) 3 s(n=2)x2 [y L
2= | 61 o) @RGP (O A0, (622)

where a,b,c € A4 are distinct, and

je\{ab,c} (i7) (ai)(bi)

where 7,5 € A4\ {a,b, c}.

To obtain Hodge’s formula for the MHV amplitude from on-shell diagrams directly,
it is necessary to incorporate the bonus relations of N’ = 8 supergravity, which I
explain in detail in Section 6.6. These relations are incorporated into the on-shell
diagram recursion for MHV amplitudes by modifying the bridge decoration, and for

the diagram in Figure 6.2 the modified bridge decoration is given by



6.2. Hodges Formula for Tree-level MHV 127

Using this modified bridge decoration the full amplitude is obtained by summing
the diagram over ¢ € {3,...,n — 1}. In terms of the edge variables on the diagram in

figure 6.2, the amplitude is

dp d 4> C <
510)2 = Z/ b ’Y 51 72 <’Yﬁ> Bion:i T@)52X(2|8) (C . )\)

x 502 (X CH) T, (1,2, 000, m = 1) (6.2.3)

where 7 is the integrand of the Gr(2,n—1) integral in the (n—1)-point amplitude

without the delta functions. Noting that

[B1][vi] (v8) = B [n1] [nd] (1) ,
equation 6.2.3 reduces to

=[] (i2) dBdy [ dPTTIC G o 4
ey i ] e Y (C )

§n=2)x2 ()\ : Ci) Tt (i, 2y — 1) :

For the diagram in Figure 6.2, the C-matrix is given by

1 .. 0 ..
o p

0 ... 1 .. v

where the rows correspond to particles 1 and ¢, and the indicated columns correspond
to particles 1,7 and n. For this C-matrix, (ni) = 3, (In) = v, and (17) = 1, so the
amplitude can be written covariantly in Gr(2,n) as

n—1

M, = S i) e (i)

2x(28) (3
= (n2) GL(2) (in)(1n) (C )\)

x 602 (N e T, (1,2,000m — 1)

Using the GL(2) symmetry to set C' = A, the following recursion relation for MHV

amplitudes is then obtained

i) 020 o 5,

0)_
Mn2 = 2y Ty (any ™ len

&Mw
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This is the recursion relation obtained by Hodges in [124], with solution [22] given

by
0) _ 54|16(P)det7:[
™2 (12)? (2n)2 (n1)?

where the MHV Hodges matrix H is defined in equation 2.5.8, with {a,b,c} =

{1,2,n}. Equation (6.2.2), as calculated by first mapping the 4D scattering equation

expression to a Grassmannian integral, is the unique Grassmannian uplift of (6.2).

6.3 BGK Formula for Tree-level MHV

In this section I solve the planar on-shell diagram recursion relations for MHV
amplitudes and obtain the BGK formula [125] in a slightly simplified form, showing
that this formula arises naturally from a planar object. The full MHV amplitude can
then be obtained by summing this expression over permutations of (n—3) legs, which
I verify against the Hodges matrix expression numerically. Although the physical
interpretation of this planar object is not clear, it would be interesting to see if it

has a geometric interpretation as the volume of some object.

At n points in the MHV sector there is only one planar BCFW diagram to consider
as in N = 4 super Yang-Mills in Section 5.1, and the diagram is generated from
the (n—1) point planar diagram by adding an inverse soft factor as depicted in
Figure 6.2. Two of the legs are fixed in the recursion, and the modified bridge
decoration proposed in Section 6.6 can be used to fix an additional leg so that the
full amplitude is obtained by summing over permutations of n—3 particle labels. The
permutation sum is then over a bonus-simplified decorated planar on-shell diagram,
which I denote .,453)2*. Starting with Ag* as the base case of the recursion, with the

orientation and labelling in figure 6.3, the 4-point C' matrix can be read off as

1 o 0 «
ot = ' . (6.3.1)

00(210[4

To calculate Ag* include a factor () o] Bags = 22 <23><1j§ from the bridge, a

a1 (31)(2
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4 1

Figure 6.3: Bonus-simplified on-shell diagram for 4-point amplitude

factor of one over each edge variable, and spinor bracket factors of (13) and a4 [12]

from the two lower vertices not attached to the bridge. The diagram then evaluates

to
0y = [ g, B2 25 (1 s
Aiz *anasay (31) (24) (6.3.2)
which can be uplifted to a covariant expression as
0 _ [ prag,  (1B12]
Al /d S (13)2(34)(24)" (6.3.3)

where d?*4€), is defined in (2.9.2). Since this expression has been computed using
the bonus relations it needs to be summed over n—3 permutations of external states.
In this case there are only 4—3 = 1 permutations, and the diagram is equal to the

full 4 point amplitude in N' = 8 supergravity,

d>AC 0PCB(C - N)6P2(N - CF) (ab) [cd]
Vol(GL(2)) [i<;(27) (ab) (ed)*”

where a #be€ A and c#d € N .

0)x* 0
«44(1,% = M4,% =

Equation (6.3.3) can be rearranged using momentum conservation and by identifying

label 5 with label 1 at 4 points to give the following expression,

A0+ _ /d2X4QS (ab)  [12](35)(14)

12 = (ab) (13)2(34)(45)(24)” (6.3.4)

which is in a more convenient form to use as the base case for the recursion.

To calculate Aﬁfg* it is then necessary to choose an orientation and labelling which
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can be extended to higher points in a recursive fashion. First use the planar BCFW
recursion to add the appropriate inverse soft factor onto legs 1 and 2. Then to
produce an n point diagram where the paths remain unchanged compared to the
n—1 point diagram, apply a cyclic rotation to the labels so that the top inverse soft
factor is labelled with legs 1, 2 and 3 and the bottom left black vertex is labelled
as leg 4. Performing the recursion in this way and relabelling can be thought of as
cutting the orientation of diagram to insert the new inverse soft factor, as shown
in Figure 6.4. Note that in this process, BCFW recursion is always carried out in
the standard way and the diagram itself is never really cut, it is only the unphysical
orientation of the diagram which is cut. Constructing the diagrams in this way
allows for a simple recursive calculation of the C' matrix, which I denote as C" at

n-points.

(071

a3

4 i
Figure 6.4: On-shell diagram showing how 4-point seed amplitude
orientation is cut, and an inverse soft factor is inserted
for i € {5,..n}
Now consider how to build up C™ from C"~! and the paths through the new inverse
soft factor. As the orientation and labelling remain the same on the top inverse
soft factor, the first three rows of the C' matrix are the same for all n, and it is
only necessary to calculate paths through the diagram for the remaining rows of the
diagram for i € {4,...,n}. Each path from 1 to i remains the same except for an

extra factor of as,_5 from the new inverse soft factor, and there is now a new path
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from 3 to ¢ additional to all of the previous paths. The new path is the same as the
longest path from 1 to i in the n point diagram, with an extra factor of as,_5a9,_4
from the new inverse soft factor. Finally, the path from 1 to n picks up only as,_5

and from 3 to n has as, 509, 4. Then C™ can be written recursively in terms of

Cn 1 as
(C™ai = (C*)ais ie{l1,2,3},a € {1,2}
(C™1i = a2n—s5(C™ )1, ie{4,...,n—1}
(C™)ai = (C" Nai + 2502, -a(C" 1y, ie{4,..,n—1}

(Cn)ln = Q2p—5

(Cn)gn = Xop—5092n_4. (635)

Next look at how to relate .Agg* to Ago_)iz. Because of the way the labelling and
orientation have been chosen, the vertex and bridge factors coming from the top
inverse soft factor in Figure 6.4 are the same for Aﬁfg* as for Aﬁ?)ﬁ,z, apart from an
additional factor ag,_5. The algorithm in Section 6.1 shows that it is necessary to
multiply by the bridge and vertex factors in the cut inverse soft factor for i = n
to complete the recursion. The bridge factor is B, 5,4.n, the left hand white vertex
contributes a factor %, the black vertex a factor %, and the white

vertex attached to leg n a factor ?;41 (HZ;; a2k_5) [77]. The recursion relation is

then

* * n— 5n n—4 In— B n el fnd
ASE)Q :A7(107)172<a2 40n) [Q2n—a7n-1] By, 6,4; Z (Ha2k—5) [jn]. (6.3.6)

Aon—4Qon—5 j=4 \k=j
The bridge factor and the new spinor bracket factors in this expression are written

in terms of internal spinors at each vertex, which must be related to external spinors

to evaluate the recursion. These factors simplify to

(st} loonsnalBrususn = Conais 470 o) = O Gay )
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where the first equality substitutes the expression for the bridge factor, and the
second uses that |v,) = |3), and |§;) = |1) = |n+1). Based on this the recursion

relation simplifies to

Aff?)z* = AS)EQ 0427115 g?:;—??”(i?; Z_: (kl_[;] a2k—5) ). (6.3.7)

To uplift to a covariant expression in Gr(2,n) next calculate the necessary minors of
C™, denoted (ab),. Recall that for n = 4, leg 5 is defined to be leg 1 so for example
(45)4 := (41)4 = a4, and in general (45),, = a2,-5(45),—1. The remaining minors

needed can be read off from the n point C' matrix as

(13), = 1
(23)71 =
gg: _ kl:[ o, j < i€ {4 ..,n}. (6.3.8)

Using these results is possible to solve the recursion in equation (6.3.7) and uplift.
The factor a,, s is absorbed in changing the (45),_; in A,(lo,)’ig to (45),, and the
other edge variables are uplifted using (6.3.8). The final result for the planar MHV

diagram is then

O« _ [ joxngy a0) [12]( )(14) A (3i+1)(4i) S524(35)[57)
Ao _/d Qg(ab)( 13)%(24)(34)(45 1;[ 3i)(4i+1) (32)
2xn <6Lb> 1 n 3] [] Z+1]
A " (ab) (2 ) 1;[ (3i+1)
515 p) n (3P i+ 1]
" TLiey (ii4+1) (23) (3 11 (3i+1) (6.3.9)

where a # b € 4. The full n-point MHV amplitude in A/ = 8 supergravity can be
obtained from the above formula by summing over permutations of the legs 1,5, ..., n,
and I have verified numerically up to 10 points that this expression is equal to the
Hodges MHV expression in equation (6.2). Equation (6.3.9) can be easily related

to the BGK formula for MHV graviton scattering [125], and the similar planar
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expression obtained more recently in [126].

6.4 Tree-level NMHV

In this section I generalize the calculations of Sections 6.4 and 6.3 to non-MHV
amplitudes, where it is necessary to specify a contour in the Grassmannian in order
to make the integrals well-defined as in A/ = 4 super Yang-Mills in Section 5.2. In
that case the contour integral implied by BCFW reduces to summing over residues
of a single top form in the Grassmannian, and can be related to the contour integral
arising from the 4D scattering equations using global residue theorems. For N/ = 8
supergravity I show that the decorated planar on-shell diagrams (from which the full
amplitude can be deduced by summing over permutations of external legs) do not
correspond to residues of a single top form, and so the Grassmannian contour integral
has a more complex form. It is also possible to derive such a formula starting from
the 4D scattering equations and mapping to Gr(k,n) using link variables, although
it is unclear how to map it into the contour integral arising from on-shell diagrams

using global residue theorems in this case.

3+5 5+3

Figure 6.5: Decorated planar on-shell diagrams contributing to the
6 point NMHV amplitude in A/ = 8 supergravity. The
full amplitude can be obtained by summing over per-
mutations of legs 1 to 4.

Since the on-shell diagram recursion can be restricted to a planar sector in N' = 8
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supergravity, the calculation can be reduced to computing three planar diagrams
which are decorated versions of the ones appearing in N' = 4 super Yang-Mills, as
shown in Figure 6.5. The full 6-point NMHV amplitude can then be obtained by
summing over permutations of legs 1 to 4. The same orientation and labelling will
be used as the N' = 4 super Yang-Mills diagrams, so the C' matrices will remain the

same.

First compute the 3 4+ 5 diagram in Figure 6.5. Using the orientation and labelling

from figure 5.3 and following the algorithm in Section 6.1,

— Res [ a0 (a0s){as0u)laaas]] fa) (6.4.1)

"46(2 (3+5) 2 8 )

(456)=0 gOrg [Ty i
where d®*6Qg is defined in (2.9.2). The internal spinors can then be related to
the external spinors by summing over paths connecting them as described in the
algorithm, finding

mwﬁ=$0®

(@sas) = -3
os0s] = (23]

[ﬁ&ﬁ} = O [45] .

Substituting these relations into (6.4.1) and simplifying gives

AD oy = Res [ @#oq, LO191(23)|32 (6.4.2)

(456)=0 a1a3adaiagas
which can be uplifted to the following covariant expression:

o0 e (16)[45](23)[32]
As 3 (345) = (4136?10/ ® (123)(561)(146)(236)

(6.4.3)

where the minors are computed using (5.2.2).

The 543 channel in Figure 6.5 can be calculated directly as the complex conjugate
of the 3+5 channel, which maps [ij] <> (ij), and (ijk) — €;jkapec(abc). To keep the

cyclic definition of the legs consistent it is necessary to also apply the permutation
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P =(}2312%), which gives the non-trivial result that the 3+5 and 5+3 channels

both have the same integrand, only with different residues,

(0) 3x6() 6)[45](23)[32]
— Res [d | 6.4.4

A63 345) = R85, 123 561)(146)(236) (6.4.4)
Then the 444 channel diagram in Figure 6.5 is computed using the orientation and
labelling in figure 5.4. Using the algorithm in Section 6.1, the following expression

is obtained for the amplitude,

(0) _
"4673 (4+4) — Res

Res / dBXGQS% (a1 ag)(asar) [azas][asag) ' (6.4.5)
= 4

QGH 1az

Writing the internal spinor brackets in terms of external ones then gives

(8%
(ara) = £<16>
1
= 32 36
(asar) R (asasar(32) + auasar(36))

[asas] = ij]

[40&5] = Q5 [43]

Substituting this into 6.4.5 and uplifting into a covariant expression in Gr(3,6) then

gives

/dserB (16)[34](623)[12] ((346)(32) + (432)(36)) (6.4.6)

(0) — R
Ass ara) = Ros (123)(561)(346)2(256) ’

(456)=0

where the minors are computed using (5.2.5). This expression for the integrand can
then be simplified further using the relations between spinor brackets and minors

derived in Section 6.7. The relevant identities are
(32)(346) + (34)(623) + (36)(432) =0
[43](145)* — [41](453)* — [45](314)" =0
[43](623) + [41](612) + [45](256) = 0.

On the support of residue at (612) = (453)* = 0 the terms proportional to [41] in

the second two relations can be dropped, and the following simplified expression is
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obtained for the 444 channel,

© 360y (16)[45](34)[12]
A63 (a4a) = 6%?50/ s 05y (561)(346)7°

(6.4.7)

Adding up the three contributions in (6.4.3) (6.4.4), (6.4.7), the sum of decorated
planar on-shell diagrams in Figure 6.5 is found to correspond to the following Grass-
mannian integral formula:

(16)[45](23)[32]
123)(561)(146)(236)

360y (16)[45](34)[12]
/ d 98(123)(561)(346)2' (6.4.8)

AL) = ( Res + Res )/d?’XﬁQg(

(234)=0  (456)=0

+ Res
(612)=0

The full 6-point NMHV amplitude in N' = 8 supergravity is then given by summing

(6.4.8) over permutations of labels 1 to 4.

From equation (6.4.8) it can be seen that this sum of planar diagrams cannot be
written as the sum of three residues of a single top form. To see this, first add and

subtract the (612) residue of the first integrand

. o, (16)[451(23)(32
Ass = ((2%880+ (4E5{6680+(6I1{2€)SO> /d s 123 )(561)(146)(236)

+ Res (16)[4)

(612)=0/ s 33 (561) (346 2 (146) (236) ((34)[12](146)(236) — (28)[32)(346)°)

(6.4.9)

and note that the second line does not vanish on the support of the residue (612) =
0. To see this, choose an appropriate GL(3) gauge so that the solution to the delta

functions and residue constraints is

(B B ) 610
0 [45] [53] [34] 0 0O

Then evaluating the second term on this solution shows that it is not zero for generic

momenta.

Hence the decorated planar on-shell diagrams from which the 6-point NMHV amp-
litude of N' = 8 supergravity can be calculated do not correspond to residues of a

single top-form, unlike in A" = 4 super Yang-Mills. This can be understood dia-
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grammatically as follows. Whereas the three planar on-shell diagrams contributing
to the 6-point NMHV amplitude in N' = 4 super Yang-Mills can be embedded in a
single Postnikov diagram in Figure 5.5, it is not possible to decorate this diagram
in such a way that it encodes the three decorated on-shell diagrams in Figure 6.5.
This is because the merger equivalence relation for A/ = 8 supergravity described in
Section 2.9 is less flexible than the one in A/ = 4 super Yang-Mills, since it requires

opposite edges to be decorated as depicted in Figure 2.7.

It would be interesting to see if a unique top-form can be deduced by solving the
on-shell diagram recursion relations in a non-planar sector or incorporating the bonus
relations. Note that one can obtain such a formula by uplifting the formulae derived
in [127, 128] to covariant expressions in Gr(k,n), however it is unclear how to relate

this to a contour integral arising from on-shell diagrams.

6.5 One-Loop

In this section I derive a worldsheet formula for the 1-loop 4-point amplitude of
N = 8 supergravity supported on 4D scattering equations, analogously to the one
I derived for N/ = 4 super Yang-Mills in Section 5.3. Unlike in planar N = 4
super Yang-Mills, a loop-level BCFW recursion relation is not known for N’ = 8
supergravity, however the 4 point amplitude can still be related to the on-shell
diagram formalism by noting that it is equal the on-shell diagram in Figure 6.6 after

summing over permutations of the external legs [70].

The diagram in Figure 6.6 can be obtained from the diagram in Figure 6.7 by
taking the forward limit of legs + and — and attaching a decorated BCFW bridge
to legs 1 and 4. As in the previous section, the loop momentum is defined to be
the sum of the momenta in these two edges given by (5.3.1). The necessary steps
to obtain a worldsheet formula for the 1-loop 4-point amplitude are to derive a

Grassmannian integral formula for Figure 6.7, convert to a worldsheet formula by
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)
N\
i 10]{0] 4
al4)(1]
1 4

Figure 6.6: On-shell diagram for 1-loop four-point amplitude in
N'=8 supergravity

using link variables, take a forward limit and add a decorated BCFW bridge, and

sum over permutations of the external legs.

Note that the diagram in Figure 6.7 is the same as the 4 + 4 diagram in Figure
6.5 up to the location of bridge decorations. Hence, it can be computed simply by
multiplying the integrand in (6.4.5) by the following ratio of bridge decorations and

spinor brackets associated with the vertices,

new decorations new brackets o 1 {Bas)|vaq]
=5 Q0

old decorations old brackets (apan)[das]

The relabelling P = (133135%) is then applied to match the labelling between
Figures 6.7 and 6.5, which gives the following Grassmannian integral formula for the
diagram in Figure 6.7,

0) d>*6C 1 (12) (4—) [+1] [34]

Aos aray = Jes GL(3) EUV (it 1i12) (234)(4 — 1)(—12)2

§3%(218) (C’ . 5\) §3%2 ()\ . CJ_) :

(6.5.1)

where L := {1,2} and R := {3,4} so that 4/ = LUR = {1,2,3,4}, and L' :=
{1,2,—} and R :={3,4,+}, with /" =L UR = 4 U{+,—} as in Section 5.3.

To map this into a worldsheet formula, it is first written in terms of link variables as
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1 + — 4

Figure 6.7: On-shell diagram from which Figure 6.6 can be obtained
by taking a forward limit and adding a decorated BCFW
bridge.

done in the previous section. Choosing coordinates on the Grassmannian according

to (5.3.3), (6.5.1) can be written as

0 8 1 (12) (4=) [+1] [34] 552 1) 52x3 1
“46#2’ (4+ay — /d ng (i14+14+2) (234)(4 — +)(_2)25 o (O ' A) 0 (A C )
(6.5.2)

where d®C is the measure over the eight non-zero link variables in (5.3.3).

The next step is to convert this to a worldsheet integral. Introduce six punctures
on the 2-sphere with homogeneous coordinates o; for i € A7, and set o7 = (9)
and o2 = (). The coordinates of the remaining four punctures then provide eight
integration variables which precisely matches the number of link variables. To
map the link variables into worldsheet coordinates, multiply a factor of “1” into
(6.5.2) in the form given by (5.3.4). Using equations (5.3.6) and (5.3.5) it is then
straightforward to integrate out the link variables against these delta functions as in
Section 5.3, leaving an integral over worldsheet coordinates. Uplifting the resulting

worldsheet integral to a covariant expression in Gr(2,6) gives

S0 (+2)(13)(14)%(24)(3-)
(2) (+4)2(12)2(1-)%(23)(34)?

(- 5,25) (- 5 )

AS) vy = (12 () 1] (34] [
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218 ] 1+ 2 1=
D (S e e (S

leL

To obtain a worldsheet formula for the 1-loop amplitude from this expression then
take a forward limit |[+] (+| = — |—] (—| by setting (|—],|=),n-) = (|+], — |[+) . n+),
and define a new set of variables for the loop momentum so that (|0],|0),70) :=
(I-],1-),n-). Then BCFW shift legs 1 and 4 and sum over permutations, and note
that the loop momentum is then defined as in equation (5.3.1), and the measure
as in equation (5.3). Exchanging o, with o_ and simplifying the integrand on the

support of the scattering equations gives that

a 5 9 i*l d*>*5a 1 (14)(+-)
M %“2) 3 % GL(2) 61} (ii41) (1-)(+4)
% 52(E(()1))(52 (E((Jl)> H 528 (El(1)> H 52 (ETQI)) 7
leL reR

where the scattering equations are defined in (5.3.8) and the sum over S; permuta-
tions acts on all particle labels in the expression. The hats are defined so that
[4) = |4) — a|1), (11,7) = (1] + a4, m + am), and they act trivially on the
other spinors. On the support of the scattering equations the following identity

holds

(12)* (34 = Hlff%i()

where six point NMHV Hodges matrices defined in Section 2.8 have been taken with

) det H det 7—[

rows and columns associated with particles + and - removed to give

a0 a2 (12) _[30] _ [34] [34]

y— (1-) ~ (2 (12) 7 — 3+~ (39 (31)
(12) ERCORNCIV I 34 _ [40] _ [43]
(12) (2— (21) (34) (4+) (43)

Finally the following worldsheet formula for the 1-loop 4-point amplitude of N/ = 8
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supergravity is obtained

RS C Loy
i)

perms{1,2,34} l2 GL E/V’ (ZZ+1) 1- )<+4)

[Ticy (+i)(—1) 2x6|8%2 [ qa(l)
- (1) det H det FH 6 (SE41)-

(6.5.3)
Though it may not be intuitive from the expression above, it can be shown that can
be shown that this formula has the expected scaling properties under little group
transformations. In particular, the term 1 — (+—)? is invariant because o, and
o_ scale with opposite weight. Little group scaling of worldsheet coordinates is
explained in Chapter 3. It should be straightforward to evaluate the worldsheet
integrals in the expression explicitly using the solution to the scattering equations

calculated in Section 5.3.

The determinants in equation (6.5.3) can be thought of as arising from the for-
ward limit of a tree-level 6-point NMHV amplitude, but the planar Parke-Taylor
factor is unusual in a gravity amplitude. It is likely that the factors [[;c - ﬁ
and [T;c 4 (417)(—%) cancel due to the following relation [33] for sum of the n point

worldsheet Parke-Taylor factors over permutations of n—2 labels,

3 SR - f[ SR (6.5.4)

O'ESn—Q (8+ - 510)(810 - 820')"'(Sn0' - S*) =1 (8+ - Sia)(sio - S*)’
along with the relations for how the scattering equations transform under permuta-
tions of particle labels derived in Section 3.5. The (1 — (+—)%)"" factor in the

integrand is difficult to interpret.

6.6 Bonus Relations in On-Shell Diagrams

In this section I detail how to incorporate the bonus relations of N' = 8 supergravity
into the on-shell diagram formalism. In general for BCFW recursion to hold for a
given theory it is required that the amplitudes behave as O (272) as 2 — oo. For

N = 8 supergravity, the superamplitudes vanish like O (272), which implies that
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7
L

s
||
N

Figure 6.8: BCFW recursion for tree-level MHV amplitudes in N' =
8 supergravity

the sum over factorisation channels weighted by z for each channel should vanish,
in addition to the recursion relations themselves. These constraints are known as
bonus relations and make it possible to express one factorisation channel as a sum
over the others [129, 130]. In the MHV sector the bonus relations will be added by
modifying the bridge factor in the on-shell diagrams. For non-MHV amplitudes it is
less clear how to incorporate the bonus relations [131], so I restrict my analysis of

the bonus relations to the MHV sector in this thesis.

Consider BCFW shifting particles 1 and n of an n-point amplitude, so that
1] = 1]+ z|n], |n) =|n)—z|1).

The momenta are then shifted as p; = p1 + zq and p,, = p, — zq, where g = |n] (1.
When calculating an MHV amplitude under this shift, each factorisation channel
will consist of a 3-point amplitude containing particle n times an (n — 1)-point
amplitude containing particle 1. The channel can then be labelled by the unshifted
external leg appearing on the 3-point amplitude, as depicted in Figure 6.8. The
value of z corresponding to the ith factorisation channel is determined by solving

(pn +pi)° = 0, and is given by

Cogep (L)

In particular for an n-point MHV amplitude BCFW shifted as a described above, the
t = 2 channel can be expressed as a sum over the other n — 3 channels as depicted in

Figure 6.9. Substituting this into the BCFW recursion relation, the amplitude can
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Figure 6.9: The MHV bonus relations in N' = 8 supergravity can
be used to eliminate one channel from the recursion in
Figure 6.8, reducing the number of channels from (n—2)
to (n —3)

be expressed as a sum over the channels i € {3,...,n} each weighted by the factor

<
B12n;i =1- ;2 = W

An n-point MHV amplitude can be obtained by attaching an (n— 1)-point amplitude
to a 3-point vertex and adding a decorated BCFW bridge as depicted in Figure 6.2
and summing over i € {2,...,n — 1}. If this diagram is multiplied by the factor
above, the amplitude can be obtained by summing over i € {3,...,n — 1}. Then it is
possible to incorporate the bonus relations into on-shell diagram recursion by using
the modified bridge decoration

(i2)

Bront = 1110 (2ny

where the subscript 12n indicates that 1,2 and n are held fixed when summing over

permutations of the external legs to obtain the full amplitude.
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6.7 Relations between spinors and minors

The Grassmannian approach to scattering amplitudes provides a geometrical way to
view the X and X spinors. For an n-point N*"2MHV amplitude, the X spinors can
be seen to lie inside k-planes in n dimensions and the \ spinors lie in the orthogonal
(n—k)-planes. Representing the k-planes by an k x n matrix C' and the (n—k)-planes
by an n x (n — k) matrix C*, this is implied by delta functions in the Grassmannian
integral formulae for scattering amplitudes enforcing C' - X = A - C+ = 0. I will now

show that this gives rise to nontrivial relations between spinor brackets and minors

of C'and C*.

Let the rows of the k£ x n matrix C' be denoted C,;, i € {1,....n},a € {1,....k}.
Then Cramer’s rule for the linear dependence of the distinct set of rows from 1 to

k + 1 can be written succinctly as follows:

> (=1)"*Car, (25..(k+1),) =0,

o€ Ly 41

where (2,...(k 4+ 1),) represents a k X k minor of the C' matrix.

Analogous formulae exist for any distinct set of £ + 1 rows. Taking the product of
this vector relation with a (k — 1) blade formed of rows of the C' matrix generates all
possible Pliicker identities for Gr(k,n). As an example, consider Gr(3,n). Choose

four distinct rows a, b, c and d of C. Then Cramer’s rule can be written
Coalbed) — Cop(cda) + Cye(dab) — Coha(abe) = 0,
and taking the product with the (k — 1) blade €*#7Cg,C.,. gives the Pliicker relations

(dea)(bed) — (deb)(cda) + (dec)(dab) = 0

The constraints C- X = A-C+ = 0 imply that the GL(k) symmetry can be used to set

the first two rows of C' equal to A, i.e. Cg; = Ag;, € {1,2} and Cyi,a € {3, ..., k}
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are unspecified. Gauge fixing this way gives the mixed Cramer’s rule,
S (=)L) (20 (k+1)5) =0 (6.7.1)
0€LK 41
For k = 2, this is equivalent to the statement that (ij) / (ij) is invariant for all i # j
[70]. Consider again the same example of Gr(3,n). Choose four distinct rows a, b, ¢

and d of C. Then the mixed Cramer’s rule can be written
la) (bed) — |b) (eda) + |¢) (dab) — |d) (abec) =0
and taking the product with spinor |d) gives the mixed Pliicker relations

(da)(bed) — (db)(cda) + (dc)(dab) =0

Deriving these identities relies only on the condition C' - A = 0. On the support of
A - Ct =0, another mixed Cramer’s rule can be derived which relates A spinors and
the minors of C'*,

S (D)) (2, (0 — k4 1))t = 0. (6.7.2)

Ueznkaﬁl

This identity leads to similar mixed Pliicker relations with the square bracket spinors.






Chapter 7

N =4 Conformal Supergravity
Amplitudes in 4D Ambitwistor

String Theory

In this chapter I analyse the scattering amplitudes of non-minimal Berkovits-Witten
N = 4 conformal supergravity within the framework of 4D ambitwistor string theory,
based on my work from [4]. In Section 7.1 I derive worldsheet formulae for scattering
amplitudes of graviton multiplets with plane-wave boundary conditions, and in
Section 7.2, I show that these formulae reduce to the Berkovits-Witten result in
the MHV sector. I then generalise this analysis to non-plane wave states in Section
7.3, working through some examples of amplitudes for non plane wave states in
Sections 7.4 and 7.5. The non-plane wave states can be expressed as momentum
derivatives of plane wave states using a prescription for taking momentum derivatives
of on-shell spinor variables which I develop in Section 7.6, and finally in Section 7.7

I discuss BRST invariance of plane-wave and non-plane wave vertex operators.
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7.1 Plane Wave Graviton Multiplet Scattering

In this section I calculate scattering amplitudes for graviton multiplets with plane
wave boundary conditions in N = 4 conformal supergravity, first considering the
vertex operators for positive and negative helicity superfields of the theory. I review
the field content in Section 2.6. The worldsheet Lagrangian of the theory is reviewed

in Section 2.11, and after gauge fixing is given by

£= (B3N —[ul 7] + x - X (7.1.1)

in terms of the bosonic spinor fields |\), |A], |f) and |u], and the fermionic fields

and x which transform in the fundamental representation of the SU(4) R-symmetry

group .

N = 4 conformal supergravity amplitudes are computed using four types of vertex
operators, in contrast to ' = 4 super Yang-Mills and A" = 8 supergravity which have
only two types of vertex operators. These additional vertex operators reflect the fact
that the number of negative helicity superfields scattered .4~ is no longer always
equal to the Grassmann degree of the superamplitude, kg = %, as discussed in
Section 2.6. In this work I choose to define the MHV degree k of the superamplitude
to be the Grassmann degree k¢, and so the MHV degree is no longer equal in general
to the number of negative helicity superfields scattered. Under this definition the
scattering equations are still refined by the MHV degree of the amplitude with the
MHYV degree corresponding to the size of the left set, and I denote the left set vertex
operators by V, and right set by V. Note that this definition is consistent with the
standard definition where the MHV degree corresponds to the set of negative helicity
particles for all graviton amplitudes, and gives a natural extension to amplitudes
with gravitons and scalars such that ¢* states are in the left set and ¢~ states in

the right set.
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The vertex operators are

1}[(3) — / dt (IN(s)) 6% (|l] _ t|5\(s)]) ROV

”
Vi (s) = [ tdt [A(s)oA(s)] 624 (|1] — ¢|A(s)]) € @D

() = [ tat [3(s)07(s)] 82 (1] = 113 (5))) | o
Vv, (s) = / tdt (N(s)ON(s)) 6% (|r) — t|A(s))) ellBEIrTx(s) e

Vi) = [ 55 [P (1) = tA(s)) oo

Note that the V* vertex operators can be obtained by complex conjugating the VF
vertex operators and Grassmann Fourier transforming the on-shell superspace 7 back
to the original n space. I verify the BRST invariance of these vertex operators in

Section 7.7.

To understand the physics of these vertex operators it can be helpful to consider only
the SU(4) singlet states of each multiplet, which are the gravitons h* and the scalars
¢*. The vertex operators for these states are calculated as superspace integrals of

the vertex operators in (7.1.2), and are given by
dt

f}lh_ (s) :/tj
VP (s) = [ vt [M()0A(s)] 8 (1] ~ HA(s)]) €7

(IA(3)) 82 (|I] = t|A(s)]) €PN

. N (7.1.3)
V7 (s) = [ tdt (A()ON(s)) 8 ([r) = tIA(s))) €7

VI (s) = / a [rA(5)] 8% (|r) — tIA(s))) €,

and so the structures (IA(s)) and [5\(3)85\(5’)} in the left set vertex operators can
be thought of as corresponding to the states h~ and ¢* respectively. In this way
the graviton and scalar states contain all of the structure of the scattering for
the other states, which can be related to amplitudes for gravitons and scalars by

supersymmetry transformations.

To specify an amplitude for plane-wave superfields, it is necessary to give a set of
negative helicity superfields and a Grassmann degree k. Then choose a left set with
|L| = k, and partition the negative helicity superfields into disjoint subsets d~ and

®~, depending on whether the superfield is in the left or right set, and similarly for
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the positive helicity superfields. Then the left set L = &~ U &+ and the right set
R= 4 —L=® LUd" and an n point superamplitude is then obtained by computing
a correlator of vertex operators integrated over the worldsheet and quotienting out

by the SL(2) gauge freedom in the integral so that

(0) _
Mn,q)*,k -

(T () 119 o) T o) T o)

I edt r_ed— ryedt
(7.1.4)

The calculation of this correlation function is straightforward due to the fact that
the |fi) and |u] fields in the action are not dynamical, and follows the example
given for Yang-Mills in Section 2.11. The |f), |x] and X fields integrate out directly
in the path integral, and localise the |)\), |\] and x fields onto the solutions in
equations (2.11.9), (2.11) and (2.11). This results in delta functions which localise

the worldsheet integral onto solutions of 4D scattering equations.

The n-point N¥~2MHV amplitude is then given by the following worldsheet formula

Mg)zb = /GL 52><n|4><k SETL H H, H E+ H jol H Hfr+7 715)

l_ed- I ed+ r_€d— ryedt
where k = |L| = || + |®*], and
- [rr'] (rr") (1
Feey 0 gy
r<r'€R (lT)Q (lT/)2 VeL\{l} ()
P Z ay (1 i Z (']
= 2 3, Hp = .
I<leL (rl)” (rl’) " ER\{r} (1)

I have checked numerically that the superamplitude is unchanged under replacing
®* states with ®F states as long as the Grassmann degree kg = k = |L| is preserved,
and hence is invariant of the choice of the left set, L. It should be possible to prove

this analytically using the results from Section 3.5.

The H factors are the diagonal elements of the Hodges matrices defined in equation
(2.8.7), and the F' allow for putting the diagonal elements of the Hodges matrix

into the set of particles of opposite parity. The factors H, F, H and F can then
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be considered as generalisations of the gravitational inverse soft factor from equa-
tion (2.5.9) outside of the MHV sector. Component amplitudes can be extracted
by integrating out the appropriate n variable; for example, the scalar-graviton amp-
litudes are obtained by integrating out (m)4 for [ € L, and setting n, = 0 for r € R.

In a similar way amplitudes with fermions and spin-1 states can also be obtained.

In the MHV sector the scattering equations have only one solution, which is given in
Section 3.1. On the support of this solution (7.1.5) reduces to the Berkovits-Witten

result [20], and I provide details of this calculation in Section 7.7. The formula is

0 _ 548 [ig] (i) (i)
M p-2=0 (P)iel;[%;\{i} ) i i) (7.1.6)

where |z;) and |y;) are arbitrary reference spinors.

Evaluating the worldsheet integrals analytically for higher MHV degree is complex
because the scattering equations have more than one solution, so the 4D scattering
equation formalism is less practical in this setting. I have verified equation (7.1.5)
for different component states at higher MHV degrees numerically by matching it
against results obtained using Feynman diagrams and colour-kinematics duality in
[49] up to eight points with any number of particles !, using the numerical methods
developed in Section 4.3 to evaluate the worldsheet integrals. Some partial analytical
results for NMHV amplitudes in A = 4 conformal supergravity are described in [132],
and for the special case where the set of negative helicity superfields corresponds to
the left set of the amplitude a formula in terms of integrals over curves in twistor
space was previously conjectured in [47]. It would be interesting to see how this

formula is related to equation (7.1.5).

T thank Henrik Johansson for providing numerical results derived from colour-kinematics duality
against which to compare my worldsheet formula.



Chapter 7. N = 4 Conformal Supergravity Amplitudes in 4D
152 Ambitwistor String Theory

7.2 Derivation of Berkovits-Witten MHV

Formula

In this section I evaluate the worldsheet integral in (7.1.5) for the MHV case with
k = |L| = 2. This reproduces the formula of Berkovits and Witten from [20], and
shows that this amplitude can be considered as the MHV amplitude under my
definition in terms of Grassmann degree. In this case, the worldsheet integral can be
evaluated analytically using the results from Chapter 3. In this section I take the left
set to be L = {1,2} and the right set to be R = {3,...,n}, with ®~ LU &+ = {1,2}.

On support of the MHV solution in equation (3.1.6), the amplitude from equa-

tion (7.1.5) reduces to

d2><

Mio-2= | Gry? " (5 1L & z+g+ E+r1€'£_ " r}e_!w
e HZ
“o I, a s
s
(7.2.1)

where in the third line it can be seen explicitly how the factors from the vertex

operators of the @~ states in the left set cancel the factors from the MHV Jacobian.

Now evaluate equation (7.2.1) on the MHV solution. The factor associated with
each ®* state in the right set when evaluated on the MHV solution is equal to the

gravitational inverse soft factor wj}j'? defined in equation (2.5.9),

rurlr @ o i) @)
7‘623 (r4r) (12) (12) i (rer) (Iry = Vrin

N ) (2r)
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Now look at the factor associated with each @~ state in the left set, defining this
quantity to be ¢; . To simplify the notation, define (I-)° as the complement of /_

in L = {1,2}. Then it can be seen that

— [rr')(rr")(12) [rr'] (rr') (1)) ((1-)°r")
Vin= 2 puap s L2, a2f a0

[ find numerically up to high multiplicity that ¢;, can be uplifted to an expression

@/)l-|z> in terms of an arbitrary reference spinor |z), and that 1/)2}',? is equal to the

gravitational inverse soft factor w . Then

ey K] (jK) (zj) (2k)

in = 2 TR

k| <k;:v
(

k) (jx

(7.2.4)

o
> G

ke\{j}

) (ky)
) Gy)
where |x) and |y) are arbitrary reference spinors. It is interesting that this expression

for the gravitational inverse soft factor depends only on one reference spinor, while

the standard expression depends on a choice of two reference spinors.

Finally I find that the general n point plane wave MHV amplitude reduces to the

formula of Berkovits and Witten,

MO, =P T tine

iedtLdt

7.3 Scattering Non-Plane Wave States

The fourth order equations of motion for conformal gravity lead to a second set of
graviton multiplet states with non-plane wave boundary conditions, and calculating
scattering amplitudes for these states using 4D ambitwistor string theory is the
subject of this section. I consider scattering only for the SU(4) singlet graviton
and scalar states, which as in the plane wave case cover all of the structure of the

amplitude up to other states related by supersymmetry transformations.
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I review non-plane wave states in Section 2.6. They have functional form A - xze?*®
up to polarisation structure, where A is a vector defined up to the identification
A~ A+ Bk for all g € R. Following from this the vertex operators for non-plane
wave states are vectors which will be contracted into a choice of vector A for each
state. The vertex operators depend on the worldsheet spinor fields |\), |A], ),
|#] and the derivatives with respect to the worldsheet variable 0 as in the plane
wave case, and they also depend on derivatives with respect to the spinor vectors
defining the momentum eigenstate. I define the following shorthand notation for

spinor derivatives

) )
ST EAyp— (7.3.1)

«

6% =

which allow for spinor contractions with these derivatives to be expressed succinctly,

and for example (j|* alga = (i0;).

I then propose the following vertex operators describing non-plane wave gravitons

and scalars,

Vi (s) = ff (1) [i(s)] = (M) au]) 6% (|1] = £ [A(s)] ) e

VP () = [ (10a) M) - 1) [9A(s)]) 8 (1) = 3] ) 7" .
Vi (s) = /t dt (X)) [0pu(s)] — |OAS)) [u(s)]) 6% (|r) — ¢ |A(s))) et

VI (s) = ff (1)) [r] = 10} [Ms)]) 0% (Ir) = £|A(s))) e,

where the derivative with respect to the external data |0,) and [0;| act on the delta

functions. I verify the BRST invariance of these vertex operators in Section 7.7.

When calculating a correlation function with these vertex operators, it is not possible
to integrate out the |u| and |f1) fields directly in the path integral as in the plane
wave case because these fields appear additionally outside the exponentials of the
vertex operators. This feature makes non-plane wave amplitudes more difficult to
calculate from the worldsheet than their plane wave counterparts, and as such it
requires a calculation for each combination of non-plane wave states scattered to be

able to write down their amplitudes in terms of integrals supported on 4D scattering
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equations.

It is possible to remove the dependence of the vertex operators on the |u] and |f)
fields outside of the exponentials by adding source terms for these fields. Then a
different correlator can be computed where they only appear in the exponentials,
and original correlator obtained by taking functional derivatives with respect to the
sources and then setting the sources to zero. Source |J) is introduced to couple
to |fi), and |.J] to couple to |u], and the modified worldsheet Lagrangian with the

sources is then

Loourees = (1l D1N) = [1] D [A] + x - X+ [1]] = (]) .
The non-plane wave vertex operators are replaced with
o[ ('” AR, am) P epal) e
0 N qer — =0 s ) 82 (1 — ¢ i(s)]) it
0= [ear (05505 ) O = @36 2 (1= o))

0 J 2 itju(s)r
9= [ra (hena (g7 ) - x5 ) = e e
=] ft <5|§<s>> [T'_aa|r> WS)D 0 (Ir) = £|A(s))) e,

(7.3.3)

where from this form it is clear that each term of the vertex operators acts as a

derivative, analogously to how the non-plane wave state in momentum space can be

aeik-m

written as A - T

Correlators involving these vertex operators can then be evaluated by combining the
exponentials in the vertex operators with the action as in the plane wave case, and
integrating out |u] and |f1) to give rise to delta functionals which localise the |\) and
|A] fields onto their equations of motion. The equations of motion now depend on
the sources and are given by

oI\ = Ztl|l (s —s)+|J), 5|/~\]:ZtT\r]5(s—ST)+|j],

leL reR
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and are uniquely solved by

2: +t/dAJ
et fastE

s— s

tIA(s)
(7.3.4)

1
where 0% = %(s)

The functional derivatives with respect to the sources from the vertex operators then
act on the functional delta functions enforcing (7.3.4), and using the chain rule for

functional differentiation they can be written as

o / ds’ o o /d55 (7.3.5)
6] J(s)] s =" SN 9]J(s)) s — s 6|A(s"))’

keeping in mind that they act on the functional delta function enforcing the equations
of motion. The sources are then set to zero, which removes the additional terms
in equation (7.3.4), and functional integration by parts can be used to move the
functional derivatives in the |A) and |\] fields off the delta function enforcing the
equations of motion and onto any vertex operators containing these states. The path
integral in these fields can then be done by integrating against the delta functions
enforcing (7.3.4), which produces the scattering equations from each vertex operator
as in the plane wave case. Worked examples for this type of calculation with non-

plane wave scalar and graviton states are given in Section 7.4 and 7.5.

The non-plane wave graviton vertex operators in (7.3.2) contain an additional sub-
tlety, in that the two terms in the vertex operator are both singular, and the singular-
ity cancels between the terms. I describe this cancellation in more detail in Section
7.5, where I also present some examples at n points with up to two non-plane wave
states, and show that amplitudes with non-plane wave states can be obtained by
acting on the plane wave amplitudes with a momentum derivative for each non-plane
wave state. That non-plane wave amplitudes can be calculated from plane wave
amplitude in this way can be seen schematically from the LSZ reduction formula by

noting that a non-plane wave solution can be written as a momentum derivative of
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a plane-wave solution, A - ze** = A . a% e’ where k is understood to be off-shell

prior to taking the derivative.

The non-plane wave functional form A-xe** diverges as * — oo, and so at first sight
scattering amplitudes of these states appear not to be well defined. The amplitudes
do however have a clear definition in a distributional sense when understood as
momentum derivatives of plane-wave amplitudes; if a non-plane wave amplitude is
multiplied by a test function and integrated over momentum space, it is possible to
move the momentum derivative onto the test function using integration by parts,
and then only derivatives of the test function multiplied by plane-wave amplitudes

remain, which are defined unambiguously.

Since the amplitudes are manifestly 4D and on-shell it is necessary to differentiate
on-shell spinor variables with respect to off-shell momentum vectors to make sense
of this operation. I define a prescription for taking derivatives of this form in Section
7.6. The key formulae used to differentiate any little group invariant function of

spinor brackets with respect to the corresponding off-shell momentum vector are

0 ((M“) _ (m* Nelély

o\ ) ()* €N 73
OO _ oy 11N
op TR QOB

where |n) is an arbitrary spinor defining the little group invariant function, and |¢)

is a reference spinor which defines the direction of an off-shell extension to |[A](A].

A general plane wave amplitude expressed in terms of on-shell variables has many
different possible expressions on support of momentum conservation. Non-plane wave
amplitudes are more subtle still, and have more than one possible form even after
taking into account momentum conservation. As an example to explain this freedom,
consider using momentum conservation to remove the dependence on the momentum
of a particular external state. Amplitudes with a single non-plane wave state can
then be written with derivatives that act only on the momentum-conserving delta

function, but the expressions obtained from worldsheet calculations will generally
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not be of this form for amplitudes with more than three legs as seen in Sections 7.4

and 7.5.

7.4 Non-Plane Wave Scalar Amplitudes

In this section I give a worked example of calculating an n-point MHV amplitude
with a non-plane wave scalar state using the vertex operators proposed in Section
7.3, and use the method described in Section 7.6 to express them as momentum

derivatives of plane wave amplitudes.

I first calculate an amplitude with two plane wave negative helicity gravitons, a neg-
ative multiplet scalar with non-plane wave boundary conditions, and n—3 plane wave
positive helicity gravitons. I define the left set which contains the negative helicity
gravitons to be L = {1, 2}, the right set R to contain the remaining particles, and the
set R = {4,...n} to be the set of positive helicity gravitons. The vertex operators for
these states can be found in (7.1.3) and (7.3.2). For notational simplicity, I define an
antisymmetric bilinear bracket which acts on a pair of functions on the worldsheet
as [f,g](s) := 0fg— fOg, as well as defining shorthands for the delta functions from
the vertex operators as 4 := § (|l] —1 ‘S\(SZ)D and Oy := 6% (|r) — ¢t [A(s))).

The amplitude is given by

MO(h=h=¢ bt h*) = SL <HV1 s1)V5* sg)va+(sp)>

leL pER!

e [ DI DID 1 DI 5 T g
x HR e (A1) (22(s2) [l A (59 TT [oAGs0)

(7.4.1)

The |f1) field in the integrand appears only inside exponentials, and hence the path
integral in |f) and |\) can be done as in the example for Yang-Mills in Section 2.11.
As there are |u] fields appearing outside of the exponentials also, I introduce a source

|J] for these fields as explained in Section 7.3.2. The Lagrangian with the sources
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and exponentials from the vertex operators is then

= Gl (BN + 1 T (s =) 1) ) + [l (BN + 8 X (s = )]+ 1)), (742)

leL reR

and the amplitude can be written as

|J]=0

MO (h=h=¢=h* .. 1) :/ o /DM DD iy DIA TT 8y (A0 TT 01
Ind 6 dQS !’
Xgﬁmwbﬁw%mfﬁmo
/dm [ D13 DINTL o (AG0) TL o 1T [pAs0)]
leL reER pER’
x 5<8|>\> i3 0(s — 51) |z>>
« LS\(SJ] ([ 5(13] + X als = sl + 1)
(7.4.3)

Solving the equations of motion for |A) and |\] inside the delta functions gives that

ty |1)
S]

M) =D ——

leL 5~

N b o (7.4.4)
O Ly fastle)

Now integrate the delta function enforcing the equations of motion for |A) directly
against D |\), and change the functional derivative in |J] to one in |)], and set
|J] = 0. This introduces an extra integral over ' from the chain rule for functional

derivatives.

d2><n

MO (h=h=¢ bt W) =

/DM [ 1 6. 12 ;

leL reR

Sy

pER’ rER

ti (1] 8 7]
ds' { } S 5( Al —
/ 35|)\ )];3—31(3) 1A z;%s—sr
(7.4.5)
Then use functional integration by parts to move the 5\ 3 functional derivative off

of the functional delta function, and use the bilinearity of the bracket [f, g] to pull
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out —/\ and the (I|. Then the bracket evaluates to [-15, —1-](s3) = ( St

51N s—s'? s—sy s3—s1)2(s'—s;1)% "

Combining these results gives that

2><n
MO B h=¢-h* . b = ZL( /D|)\ <|/\ ZSJD
€R €ER r

/ds 8'281 (I (5|15|2 I > ))

leL 83 - Sl) (S/ - Sl) 5‘>‘( )] pER’ TER

(7.4.6)

The derivative structure of the vertex operator with the non-plane wave states acting
on the other vertex operators is now clear, showing how the non-plane wave states
can be seen as momentum derivatives acting on the corresponding amplitudes with
plane-wave states. Expanding out the functional derivative using the chain rule gives
normal derivatives with respect to external data acting on the delta functions. There
are also delta functions in s’ from each action of the functional derivative, localising
the s integral. The final form of the amplitude as a worldsheet integral can then be

seen to be

MO(h=h=¢-h* . h*) =

GL(;) (12 (( 1127 “ ) (123>2 (101] 2] = 182] (1)

peER' reR p?’

l

+

19 01 (01)
oy <3p>2<31>2< 1 Z

p'eER! p'#p TER

)) 07" (SEnq12)

(7.4.7)

The first term comes from acting with the functional derivatives on the delta functions
imposing the scattering equations, and the second term comes from acting on the

spinor brackets [pj\(sp)} in the positive-helicity graviton vertex operators.

The worldsheet integral can be evaluated analytically following the same procedure
as in Section 7.2. Using the GL(2) symmetry to fix oy = ((1)) and oy = (g) and
converting the delta functions in the left set into a momentum conserving delta

function, it can be seen that the remaining terms do not depend on [1] or |2].
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Furthermore, the Jacobian from the scattering equation delta functions only contains
angle brackets, so that |0;] and |0] will act only on the momentum conserving delta

function. This part of the amplitude can then be simplified as follows:

(I0a]* (21* = |22)* (1]*) 6*(P)

({11 21 s = €2, U ) CP)

6% (P)
apaa ’

(7.4.8)

= (12) =
and after some further simplification using the Schouten identity, and writing in
terms of the gravitational inverse soft factor, v, from equation (2.5.9), the explicit

form for the amplitude in terms of angle and square brackets is

MO (h=h=¢;h*..h*) = (H ¢””ap3
1P ((12) (p3) (3] + (23) (13) (p]) Ny
+p§%' (30)" (1p) (2p) p/ezypf;épwp n) )

(7.4.9)

I now use this result to show that amplitudes with states with non-plane wave
boundary conditions can be calculated as momentum derivatives of those with plane

wave boundary conditions. In this case, the statement is that

MO(h=h=¢ hT..ht) = As - £M(h‘h‘¢‘h+...h+)
3

< >A3 8p3 (H ¢pn54

pER’

) (7.4.10)

Clearly for n = 3, |R’| = 0 and the result holds. To prove for all n, it suffices to

prove that

0
.
3 apgwp,'r“ (7411)
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given some vector Az such that Az - Py # 0, which I prove in Section 7.6.

7.5 Non-Plane Wave Graviton Amplitudes

In this section I calculate an n-point MHV amplitude with a non-plane wave grav-
iton state using the vertex operators proposed in Section 7.3, and use the method
described in Section 7.6 to express them as momentum derivatives of plane wave
amplitudes. There is an additional computational subtlety in the non-plane wave
graviton vertex operators which was not present for non-plane wave scalars which
must be addressed first. As written the non-plane wave graviton vertex operators
contain singular terms, which can be seen for the h vertex operator as follows. First

consider the equation of motion for |\),

A=Y (75.1)

e S Sl

where the poles of [A(s)) are located at s = s;. As h™ sits in the left set, V)" (s;) will
be inserted in the correlation function and has a pole at s = s;. Then it appears at
first glance that this vertex operator is not well-defined, but there is also a pole of
[1e(s)] which cancels this pole and hence the singularity is removable. The residue
at the pole of |[A(s)) when s = s; in the vertex operator is |l)[0;]. Given that
[p(s)] ~ ﬁm, it can be seen that will also have a pole at s = s5;. On support
of the delta function, P\(Sl)‘ = [I| and the residue of this pole will be — |I) [9;|, hence

the two singularities cancel.

One way to regulate this removable singularity is to insert lim,_,, V/'* (a) into
correlation functions instead of V,-(s;), and another is to use the normal-ordered
vertex operator : )N/lh = ., which is equivalent to inserting V= (s;) directly and dropping

singular terms.

I now provide an explicit calculation of the amplitude with one negative non-plane

wave graviton, M (hZh~h*...h*), regulating the removable singularity by writing
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the vertex operator as V' (s1) = lima_, V}'" (@). 1 define the left set to be L =
{1,2}, and use the same definitions from the last section for é;; and d},y. The

amplitude can then be written as

MO ) = [ s (W vt TV 00

reR

d2><n o N )
/ / D |\) D|u]D|fiy D| N @£l 0N 5 citi(s2)2)

x T 8™ @A (s2)) TT [rA(ss)]

reRr reR
x lim (|1> [n(a)| = [A(@)) [31|)5|1}

(7.5.2)

Following the same steps as the calculation with one ¢, state gives that

Hé"" (12) /DIA ('A sl] )

reR

d2><n

MOh-h~ht AT =

J

« [ o' tim ( S i P w)
x (5|115|21 I > W(Srﬂ)

reRr"eR

(7.5.3)

Calculating the functional derivative and solving the integrals in |5\] and s’ gives that

d2><n <12>
L(2)

\1 51 |1 [0s] !1>[31|_
a%o’l a_al ) =0 TERTGR

Z (17[7;‘ H Z [r,r,/])(;QX”(SEn,L)'

virerrek (T'")

MO (hoh=ht . hh) =

(7.5.4)

The singular terms cancel, giving an integral expression for the amplitude supported

on scattering equations. Solving this integral as in the calculation with one ¢ state

gives
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MO (bbbt ) = ZL(;) Eg; ((|1> 2] — )

(7.5.5)

and using the result for the derivative of a gravitational inverse soft factor from
Section 7.6 gives that

MOh=h~ht . hT) = (12)" A, - 8?9 (Hw 254 (P )). (7.5.6)

Following similar steps, the calculation with two non-plane wave gravitons gives that

A(hZhZht . h) = (12)* (Al-gpl> <A2 0 > (H PP et (P )) (7.5.7)

8])2 reR

where A; and A, are vectors in the wave functions of particles 1 and 2.

7.6 Momentum Derivatives

In this section I define a prescription to differentiate on-shell spinor variables |\)
with respect to a corresponding momentum vector p, as needed to calculate the
momentum derivatives of plane wave amplitudes. I work with real momenta, such
that |A] = (A|]". As written this problem is not well specified, as there are four
degrees of freedom in an off shell momentum p and only three degrees of freedom
in the spinor variables after the quotient by the U(1) little group. To make the
problem well-defined, T add an extra constant reference spinor |£) and a variable «
proportional to the length of the vector to the system to define a complete co-ordinate
transformation from (p°, p', p?, p?) to (|A), ). The direction & = |£] (£] then defines

a direction which comes off the mass shell, and all other directions m (A| sit in the
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mass-shell. The change of variables is given by

p = (XA + af€](el. (7.6.1)

Inverting this equation to solve for a gives that a(p) = %, and it is also possible

to solve for |A(p)). To see this, contract equation 7.6.1 with spinor [€] to arrive at

2

[€]p = [EN](A|. For real momenta the relationship ’[55\] = ¢ - p holds, and hence

there must exist some phase 6(p) such that [EA] = e /€. p. Given that |)) is
defined only up to this arbitrary phase, the inverse coordinate transformation is then

given by

2
C2p- &

It may appear strange at first sight that the phase can depend on p but this depend-

A(p)| = o) I op)

(7.6.2)

ence is actually used regularly, for example when using the little group freedom to
fix one of the components of |\). For the choice of reference spinor (£| = (?) and

6 = 0 the following well-known expression [82]

1 P’ +p?

[A(p)) = NS (7.6.3)

1 .9
b —1p
is recovered.

alx

Now consider calculating 3p> from equation (7.6.2), keeping in mind that the little

group phase depends on p. Then

O (e”(” ([élp)a)

opPs ap\ VEp
_ el 1 (Elp)” 16)sléls | 06) W (Elp)” (7.6
Ve 2 VEp o & opPP VEp
_ 95Kl 1 QWmINEslE” | 00(p)

& 2 poey s A0

and it can be seen that %AD) transforms as a connection on the U(1) little group.

Now consider taking the momentum derivative of a function of spinor brackets. Due
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aln)

B , if the function transforms covariantly in the little

to the transformation law for
group then its derivative will transform as a connection in the little group, and
only for little group invariant functions will the derivative transform covariantly. As
scattering amplitudes either transform covariantly or are invariant in the little group,
it is important to only differentiate little group invariant functions of momenta in
the calculation of non-plane wave amplitudes. All acceptably differentiable functions
of spinor brackets can then be built up out of two basic little group invariants, |\](\|

and %, where |1) is any spinor defining the functions.

Al

First consider differentiating o) with respect to p, using equation (7.6.4). Note

that while equation (7.6.4) is not little group covariant its contraction with |A) is,

resulting in a little group invariant result.

O

a <<)‘|a> _ <)‘77> pﬁﬁ pﬁﬁ |77> (Al

ap? \ (An) (An)” ) (7.6.5)
_ @l 9l Msléls

) ops (ay? €N

where in the second line the Schouten identity was used, and in the third equality

(7.6.4) was used.
Now consider differentiating the on shell momentum vector |\](\|. This calculation
is more simple using the initial definition of the co-ordinate transformation (7.6.1),
which gives that

O(NN) e I (7.6.6)
oprr TG EN

(N (N)

The result of this calculation is a projection matrix which satisfies |f] (€P opP7

) 5\ YN ~_ .
and p? ﬁ% = |A]*(A|*. Although these formulae depend on a reference spinor,
varying with respect to the reference spinor gives terms corresponding to momentum

derivatives of functions which vanish on-shell and can therefore be neglected.

Now use these identities to compute two different momentum derivatives of the
gravitational inverse-soft factor zpj‘?,l‘“ defined in equation (2.5.9), which are used

in Sections 7.4 and 7.5. In particular, first differentiate with respect to particle ¢
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where i # j, and take reference spinors |a) and |b) not to depend on i. Note that
the independence of the gravitational inverse soft factor on the two reference spinors
is only valid on support of momentum conservation, and when taking derivatives it

is necessary to specify what the reference spinors are. Then

O ap_ O 3 k] (ka) (kb)
apt " aplP ey (k) (Ga) (5b)

= ! 9 i1%(i]*) |a @ ) 0 ﬁ
- (ma s () b 5+ ) () |b>a)

_ (m (ab) (i) + [3), tia) (bi) ) w%

(7.6.7)

where in the second line equations (7.6.6) and (7.6.5) are used, the reference spinor is

chosen to be [€) = |j), and Schouten identity was also used to rearrange the brackets.

A final example is a different derivative of the gravitational inverse soft factor.

Consider the case where |a) = |j), and 7 # i. Then

9w _ [ki] (kb) O ( (ki)
Op;j Vin ke gigy (Fi) (ib) Op; << >> : )
- 7.6.8

_ i 1) 6 ¢ l

keI G} (ki) (ib) (i 2 [ }

Fixing the reference spinor ‘ﬂ = |i] gives that

2y = k1061 ) ) 10O
ke}\:{m}< ) [ig] i) Gg) (7.6.9)

_ (i)l
(bi) (i7)°

7.7 BRST Quantization

In this section I analyse the BRST quantisation 4D ambitwistor string theory as
defined by the worldsheet Lagrangian in equation (2.11.2). This serves as a review

of how Yang-Mills states sit in the cohomology of the BRST operator (), and I also
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derive new results showing how the conformal supergravity vertex operators which I

provide in Sections 7.1 and 7.3 are also in the cohomology of Q.

The Lagrangian can be written as
L=Z20Z+uZ - Z + eThaer,

where u is a worldsheet gauge field and

1 ~ ~
Tatier = 5 (202 — 2-0Z) + Ty,
2
where Ty is the current algebra stress tensor.

Note that this Lagrangian is a (/3,7) ghost system with holomorphic conformal
weights (1/2,1/2). A general (3,7) system with holomorphic conformal weights

(A, 1 — )) has the stress tensor

Ty = ABOy — (1 = A)y0p,

where € = £1 for bosonic/fermionic statistics. The central charge can then be read

off from the OPE of T" with itself and is given by

c=2¢(6\* —6A+1). (7.7.1)
The gauge fields can be fixed to e = u = 0 using the Fadeev-Popov procedure
by introducing ghost systems (b, ¢) and (Z;, 5) with holomorphic conformal weights

(2,—1) and (1,0), respectively. The stress tensor for the ghosts is then given by

Tyhost = The + T where
Ty = 2b0c — cob, T;, = bOC.

Using (7.7.1), the contribution of the ghosts to the central charge is cgpost = —26—2 =
—28. The BRST charge @ is then defined as

Q = fdé‘ (C (Tmatter + Tghost) + cZ - ZN) .
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The key property that Q must satisfy is nilpotency, that @? = 0. In order for @ to
satisfy this constraint, the total central charge must vanish. The (Z, 2) system has
zero central charge since the bosonic contributions cancel the fermionic ones, so the

central charge of the current algebra must be ¢; = +28.

For vertex operators to be in the cohomology of @) they must satisfy QV = 0, which
is equivalent to calculating {Q,V} = 0 at the level of operators in the 2D conformal
field theory. This condition implies that the vertex operators must have holomorphic
conformal weight wy, = 1 and GL(1) weight ¢ = 0. The conformal and GL(1)

weights may be read off from the OPE of the vertex operator with 7" and Z - Z:

wyV(s)

_ V() n

s— g

T(o)V(s) = 4., Z-Z(s)V(s)

where the ellipses denote less singular terms.

Now verify that the vertex operators considered in Sections 7.1 and 7.3 are ()-closed.

A plane-wave vertex operator in the right set is schematically of the form
0% (|r) — t|A(s))) e,

where k, = |r] (r| is the on-shell momentum. Let us then consider an ansatz for a

plane-wave vertex operator of the form

V(s) = 21352 (|Ir) =t |A(s))) oitl(s)r] P\(s)?"} o J(s), (7.7.2)

where s’ > 1 is the spin. In practice, a long but straightforward OPE calculation can

be avoided using the following rules for computing conformal and GL(1) weights;

T: [2]=[2]=-M=7 [0]=1

where weights of ¢ are fixed by the consistency condition that [tZ] = 0. For vertex
operators in the left set, ¢ will have opposite weights. External spinors have zero
weight, []7)] = [|i]] = 0. Applying these rules to the vertex operator in (7.7.2), gives

that



Chapter 7. N = 4 Conformal Supergravity Amplitudes in 4D
170 Ambitwistor String Theory

1 1
wv:§(7—1)+§(sl—1)+wj> q=-1)-(—-1),

where w; is the conformal weight of the current algebra. ()-closure then implies that
v = s and w; = 2 — s, which implies that s" < 2. Note that if the constraint ¢, = 0
is not imposed then the GL(1) symmetry is not gauged and vertex operators with

higher spin appear to be allowed. If ' = 1, then the vertex operator reduces to

V(s) = ‘i:a? (1) — t|A(5))) €M 1 (s) (7.7.3)

which describes a gluon in A/ = 4 super Yang-Mills. For s = 2, the vertex operator

describes a graviton with plane wave boundary conditions:

dt it[u(s)r] |y
V(s) = [ 550 (1) = tIA)) T [As)r]
where the current algebra is not present in the vertex operator since w; = 0.

To deduce the vertex operator for a scalar in the right set, consider the ansatz
di 55 it 1
V(s) = [ 502 (1r) — I\ € (A)oA @) T (s) (7.7.4)
where s’ < 1. Using the rules described above gives

1
wV:§(7—1)+2(1—3')+wj, @ =21-5)+(y—1).

Imposing wy = 1 and ¢y = 0 then implies that 7 = 25’ — 1 and w; = &, from which
we deduce that s > 0. If s’ = 1, then the vertex operator reduces to the gluon vertex
operator in (7.7.3), but if s = 0 it describes a scalar with plane-wave boundary
conditions,

V(s) = /tdt62 (Jry — t|A(s))) G (X (s) - ON(s)) .

Now consider non-plane wave states, using the following ansatz:

V(s) = [ (A (1)@~ [N @) () — £ IA(s))) )

tr

Following an analysis similar to the one from equation (7.7.2) gives that s’ = v = 2,
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so the vertex operator reduces to that of a non-plane wave graviton. Similarly, the

following ansatz

V(S) = @ (A . (l)\> b) [:U’l -0 |/\> [/~L|>>1_8/ 52 (|T> ¢ ’)\(S») eit[,u(s)r}

=5
must satisfy s = 0 and v = —1, and reduces to the vertex operator for a non-plane

wave scalar.






Chapter 8

Conclusion

8.1 Summary of Results

In this thesis, I have focused on the framework of the 4D scattering equations, their
relationship with 4D ambitwistor string theory and on-shell diagrams, and how they
can be used to calculate scattering amplitudes in N’ = 4 super Yang-Mills, N' = 8

supergravity and N' = 4 conformal supergravity.

In Chapter 3 I explained in detail the necessary tools for solving the 4D scattering
equations analytically in the MHV sector and numerically for higher MHV degree,
based on my work from [1], and in Chapter 4 I outlined a Monte Carlo algorithm
for solving the scattering equations numerically, and an algorithm for extracting
component amplitudes from Grassmann delta functions efficiently. These results
allow for computation of tree-level amplitudes in Yang-Mills theory and Einstein
gravity with any number of super symmetries, as understood in [26], and sets up
the formalism necessary for my later analysis of N' = 4 conformal supergravity.
Amplitudes in these theories can be calculated explicitly using my accompanying
MATHEMATICA package treeamps4dJAF which is published alongside [1], and im-
plements the algorithms described in this paper. When integrands are conjectured
for new theories it will now be straightforward to test and evaluate them using the

package.
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In Chapter 5 I then moved on to explore amplitudes in N' = 4 super Yang-Mills by un-
derstanding the relation between worldsheet integral expressions for the amplitudes
of the theory supported on 4D scattering equations, and Grassmannian integral for-
mulae arising from on-shell diagrams, based on my work from [2]. From this analysis
I found a deeper understanding of the structure of tree level amplitudes in N = 4
super Yang-Mills, making clear how the two different computational approaches are
related by a global residue theorem in the NMHYV sector, and understanding how the
different terms in the amplitude can be seen to arise from taking residues of a single
top form in the Grassmannian in this case. I also derived new worldsheet formulae
for the 1-loop 4 point integrand of the theory which is manifestly supersymmetric
and supported on scattering equations refined by MHV degree. I then solved the
scattering equations to evaluate this worldsheet integral, based on my work from

appendix C of [3]

I went on in Chapter 6 to extend the theory of on-shell diagrams for N/ = 8 super-
gravity, and to extend my analysis of the mapping between 4D scattering equations
and on-shell diagrams to this setting, also based on my work from [2]. This allowed
me to compute the n-point tree level MHV amplitude in supergravity using on-
shell diagrams, matching against known expressions in terms of both the inherently
non-planar Hodges matrix and the planar BGK formula. For NMHV amplitudes,
I find that the decorated planar on-shell diagrams of N' = 8 supergravity do not
arise from the residues of a single top form in the Grassmannian, in contrast to the
planar on-shell diagrams of N’ = 4 super Yang-Mills. I also derived new worldsheet
formulae for the 1-loop 4 point integrand in N/ = 8 supergravity, equivalent to the

one I found in N' = 4 super Yang-Mills in Chapter 5.

Finally, in Chapter 7 I investigated tree-level scattering amplitudes of graviton
multiplets in N' = 4 conformal supergravity using 4D ambitwistor string theory,
based on my work from [4]. In contrast to the 4D ambitwistor string formulae for
N = 4 super Yang-Mills and N = 8 supergravity, I find that the number of negative

helicity superfields is not equal to the Grassmann degree of the amplitude, and that
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the scattering equations for conformal supergravity are defined by the Grassmann
degree. I found simple expressions for the vertex operators for plane wave graviton
multiplets of the theory, and by calculating correlation functions of these vertex
operators I obtained simple formulae for scattering amplitudes of graviton multiplets
which generalize previous results of Berkovits and Witten for Grassmann degree 2.
For Grassmann degree 3 and higher I evaluated the worldsheet integrals numerically
using my methods from Chapters 3 and 4, and I matched the results against those
obtained using Feynman diagrams and the double copy approach developed in [49]
up to 8 points.

I went on in Chapter 7 to analyse graviton multiplets with non-plane wave boundary

k2 T found that amplitudes with such states were

conditions of the form A - ze’
subtle to compute, requiring the introduction of sources in the worldsheet path
integral which lead to deformed scattering equations as an intermediate step in the
calculation. Using this formalism I derived worldsheet formulae for some amplitudes
with non-plane wave graviton states at n-points. I then developed a prescription for
differentiating spinor variables with respect to their corresponding off-shell momenta,

which I used to show that non-plane wave amplitudes of the theory can obtained by

acting on plane wave amplitudes with momentum derivatives.

8.2 Directions for Future Work

I now give a brief description of directions for future research based on my work in

this thesis.

Firstly building on the work analysing numerical and analytical aspects of the 4D
scattering equations from Chapters 3 and 4, the following are possible areas for

future research:

o A natural question to ask is whether my numerical methods for solving the

4D scattering equations are applicable to the general d scattering equations.
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It should be simple to map a full set of solutions at n points from the 4D
scattering equations to the general d scattering equations for d = 4, which
would allow calculating amplitudes for the wider variety of theories supported
by these equations in four dimensions. Solving the general d equations directly
using this algorithm is more difficult as they are not refined by helicity degree
and all (n — 3)! solutions must be found. MATHEMATICA’s inbuilt algorithms
can already solve the general d equations numerically up to 9 points with a
deterministic algorithm, so it would be necessary to improve on the efficiency of

the Monte Carlo algorithm if it is to become a viable method for this problem.

The explicit implementation of the algorithms in my Mathematica package
treeamps4dJAF which is published alongside this work provide only a basic
implementation of the Monte Carlo equation solving algorithm, and there are
a number of different ways that it could be improved. NSolveMonteCarlo does
not support parallel computation of different calls to FindRoot, and does not
use an optimal algorithm for deciding whether solutions are duplicate. The
sampling method used where all initial points are taken from an approxim-
ated uniform distribution could be improved on. An updated algorithm with
these changes in MATHEMATICA should have significantly better behaved time
complexity. Re-writing the core solution finding algorithm in a different pro-
gramming language better suited to low-level numerical computation such as
C++ could also increase efficiency dramatically. These changes should allow
solution finding in the 4D case for higher n and k, and it is possible that
they could allow solving the general d equations by Monte Carlo algorithm to

become viable.

It is intriguing to find that the Cauchy distribution arises in the statistical
analysis of the solutions to the 4D scattering equations, and especially to find
that the parameter of the distribution is insensitive to changing n and k. It

would be interesting to explore how the functional form of this distribution is
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related to the physics of the equations.

e A clear limitation of the 4D scattering equations is that they currently only
support tree-level calculations, and the forward limit part of one loop integrands
as explained in Chapter 5. Although loop-level scattering equations exist in
general dimensions[133, 134], and work has been done with the general d
scattering equations in 4 dimensions [3] at one loop, there is as yet no n-point
formula for loop integrands in terms of helicity refined 4D scattering equations.
A natural future direction is to investigate the existence of n-point loop level
4D scattering equations, and another direction for future work could implement
numerical algorithms to evaluate loop-level integrands as sums over solutions
to the general d equations. It would also be interesting to extend the work

from [3] to two loops.

e The 4D scattering equations are not restricted only to calculating amplitudes,
they also cover form factors [135] and possibly further structures in quantum
field theory. They can also be used to calculate more physically relevant
standard model amplitudes[136]. The tools I have provided in this paper
should be directly relevant to calculation of form factors, and could play a
role in finding new types of structures that can be supported on scattering

equations.

o Recent work in [137, 138] proposes a set of 6D scattering equations, and [139]
extends the general d scattering equations from the Riemann sphere to CP*.
It would be interesting to see if the algorithms I provide in this thesis are useful

in finding solutions to these new extended scattering equations.

Based on my work understanding how the 4D scattering equations are related to
on-shell diagrams in A/ = 4 super Yang-Mills in Chapter 5, I pose the following

questions for future research:

o In Section 6.6, I use the bonus relations to solve the on-shell diagram recursion
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relations in the planar sector for MHV amplitudes in A/ = 8 and obtain a
compact expression for any number of legs. It would be interesting to see if
this expression has a geometric interpretation, analogous to the amplituhedron
for planar N = 4 super Yang-Mills. Beyond MHV, I find that the decorated
planar on-shell diagrams from which the full amplitudes can be deduced do
not correspond to residues of a single top-form, so it would be interesting to
see if a unique top-form can be deduced by solving the recursion relations in a
non-planar sector or incorporating the bonus relations, possibly using the work
on non-planar on-shell diagrams in [140]. Interesting progress has been made
recently towards finding a geometrical object to describe gravity amplitudes

in [123, 141].

» Since integrability is usually restricted to two-dimensional models, one would
expect that reformulating perturbative scattering amplitudes as worldsheet
integrals should provide new insight into the origin of such properties in a
4D theory like N' = 4 super Yang-Mills. It would therefore be interesting to
investigate how Yangian symmetry is realised for the worldsheet formulae of
N = 4 super Yang-Mills arising from 4D ambitwistor string theory, compared
with that of the original twistor string [142]. Moreover, if it is possible to
generalize my worldsheet formulae for N' = 8 supergravity to higher loops,
it would be interesting to investigate if they provide hints into the origin
of unexpected UV cancellations, or if they provide a simple prescription for

regulating IR divergences.

o There has been a great deal of progress in computing tree-level form factors
in NV = 4 super Yang-Mills using on-shell diagrams [143] and 4D ambitwistor
string theory [136, 144, 135, 145], so it would interesting to see if my one-
loop worldsheet formula for NV = 4 super Yang-Mills can be generalised to

form-factors.

And finally based on my work understanding the structure of N' = 4 conformal
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supergravity amplitudes, and how they can be described as integrals over the 4D
scattering equations arising from 4D ambitwistor string theory, I suggest the following

directions for future research:

o Although N/ = 4 conformal supergravity is invariant under the conformal
group, this symmetry is not manifest in my worldsheet formulae. As explained
in [48], this may be expected since choosing plane wave external states singles
out 2-derivative solutions to the 4-derivative equations of motion, breaking
conformal invariance. On the other hand, the underlying theory has conformal
symmetry so it would be interesting to understand how it is realised at the
level of amplitudes. Hidden conformal symmetry of gravitational amplitudes
was recently explored in [146], so it would be interesting to see if the ideas

developed in that paper can be applied to conformal gravity.

o As I show in Chapters 5 and 6, the 4D scattering equation formulae for N' = 4
super Yang-Mills and A/ = 8 supergravity can be mapped into Grassmannian
integral formulae which can be derived from a completely different approach
involving on-shell diagrams. For N = 4 super Yang-Mills, these formulae
suggest a new interpretation of the amplitudes as the volume of a geometric
object known as the Amplituhedron [68]. It would interesting to carry out an
analogous mapping for conformal supergravity amplitudes and see if they have

a similar geometric interpretation.

e A double copy construction has recently been proposed for conformal super-
gravity [49], which involves combining super-Yang-Mills with a certain non-
supersymmetric (DF)? gauge theory, and an ambitwistor string theory de-
scribing the latter in general dimensions was proposed in [50]. It would be
interesting to try to formulate the (DF)? theory using 4D ambitwistor string
theory and obtain worldsheet formulae for the scattering amplitudes supported

on refined scattering equations.

e One major open problem is to derive perturbative loop amplitudes directly from
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the worldsheet theories for N = 4 super Yang-Mills and N = 8 supergravity.
This may be challenging using the worldsheet models developed so far since the
worldsheet theory for NV = 4 super Yang-Mills contains conformal supergravity
in its spectrum [20] and the worldsheet theory for N' = 8 supergravity is not
critical if one gauges the Virasoro symmetry [21]. The work I have done in
understanding tree-level conformal supergravity amplitudes in this thesis may

be relevant to solving this problem.

8.3 Concluding Remarks

In summary, I have given a thorough analysis of the computational frameworks of
the 4D scattering equations, on-shell diagrams and 4D ambitwistor string theory,
and have developed new approaches to understanding the structure of the scattering
amplitudes of N' = 4 super Yang-Mills, N' = 8 supergravity and N’ = 4 conformal
supergravity using these techniques. I have derived a number of results in these
settings which are new in the literature, and which I hope will provide a small
contribution towards answering some of the deep questions of theoretical physics.
My results for amplitudes in N' = 4 super Yang-Mills could give provide insights
towards new computational techniques in the physical Yang-Mills theory without su-
persymmetries which may ultimately lead to more efficient computational techniques
allowing a wider range of scattering amplitudes to become accessible to experimental
physics. My work on the amplitudes of N/ = 8 supergravity and N' = 4 conformal
supergravity may lead to a deeper understanding of gravitational amplitudes, which
could ultimately be applied to more realistic models and hopefully provide a small

piece in the puzzle of the problem of quantum gravity.
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