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Abstract

In this thesis we study the properties of scattering amplitudes in two contexts: in the presence
of strong background fields; and their twistorial representations.

In the first part, we consider scattering amplitudes in strong background fields: classical
solutions of the equations of motion which are treated non-perturbatively. Our focus is
on highly symmetric, but physically relevant, plane wave and spherically symmetric back-
grounds. In the case of plane waves, we review the calculation and properties of these
amplitudes. For spherically symmetric backgrounds we propose a semi-classical approxima-
tion to the solutions of the equations of motion that is well-suited to amplitude calculations.
Thus, we obtain the first expression for semi-classical 3-point amplitudes in Coulomb and
Schwarzschild backgrounds.

Amplitudes on backgrounds are of particular interest due to their applications in com-
puting classical observables such as gravitational waveforms arising from astrophysical
phenomena. We conclude the first part by using amplitudes on plane wave backgrounds to
calculate the classical radiation waveform of scattering events on these backgrounds.

In the second part, we explore aspects of tree-level amplitudes formulated as localised
integrals over the moduli space of maps to twistor space. These are representations closely
related to twistor string theory that provide all-multiplicity closed-form expressions for
scattering amplitudes in gauge theory and gravity, graded by the helicity of the external
particles.

A remarkable aspect of amplitudes in gauge theory and gravity is that they are related
via the double copy. In the final section of this thesis, we study how these twistor space
representations of amplitudes manifest the double copy via applications of graph theory. In
doing so, we find new twistorial representations of biadjoint scalar amplitudes. Connecting
to the first part of this thesis, amplitudes on certain self-dual backgrounds in gauge theory
and gravity also enjoy all-multiplicity representations as moduli space integrals of maps to
twistor space. Generalising these arguments, we make the first step towards an all-multiplicity
statement of the double copy for amplitudes on self-dual backgrounds.



Lay summary

The fundamental particles of our universe are best described using quantum field theory
(QFT). This is a theory where each particle type correponds to a field, and particles are repres-
ented by fluctuations in this field. Different fields may interact with each other, governed by
the action of the theory, allowing particles to turn into other particles. Scattering amplitudes
are objects calculated in QFT that encode the probability of a certain initial particle state
becoming some final particle state. These are the essential objects that enable high-precision
measurements of the masses and coupling constants describing the matter of our universe.

In this thesis, we study aspects of scattering amplitudes in strong backgrounds, and in a
certain algebro-geometric space called twistor space. Amplitudes are usually calculated in
vacuum flat space, with no sources or fields except for the particles being scattered — for
example, this is a good description for the interior of a collider. However, there are cases of
interest where we have a strong background (e.g. a strong field or source) and would like to
calculate observables of QFT. For example, this may be particle scattering in the presence of
a strong laser (here modelled by a plane wave), or astrophysically in the presence of a black
hole. In the first part of this thesis, we consider and calculate scattering amplitudes on these
backgrounds. In addition, we demonstrate how amplitudes on backgrounds can be used to
calculate the gravitational waveform (fluctuations in the gravitational field) of astrophysical
scattering events.

Scattering amplitudes also have remarkable mathematical properties (most well-studied
back in flat space). One of these is known as the double copy: a powerful relations between
scattering amplitudes of gluons and those of gravitons (the quanta of gravity). Another is
the surprising simplicity of the tree-level scattering amplitudes of these theories in four
dimensions. It turns out that the leading contributions to amplitudes are best captured
using twistor space: a non-local description of spacetime. Here, the scattering amplitude of
any number of gluons or gravitons is given by a single closed expression (when the usual
spacetime calculation may contain 1000+ terms). In the second part of this thesis we manifest
the connection between these two ideas, and derive a new twistorial version of the double
copy. We also explore what this may tell us about the double copy for amplitudes on strong
backgrounds.
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Chapter 1

Introduction

This thesis concerns the study of scattering amplitudes. Scattering amplitudes are funda-
mental objects in theoretical particle physics, but also feature in more diverse fields such as
condensed matter and astrophysics. They are the key calculational tool for constraining the
values of coupling constants in the standard model, testing new theories, and finding con-
straints on yet undiscovered matter. The usual method of calculating scattering amplitudes
in quantum field theory is using the action of the theory and a path integral formalism built
from this action. This naturally assumes a perturbative regime — a small coupling constant
that represents the coupling of fields to each other and to themselves. With this assumption,
scattering amplitudes are expanded into a series of Feynman diagrams, organised by the
number of loops present, which are summed to arrive at the final expression.

However, it is well known that this perturbative expansion can break down for some
theories (notably gravity) at high energies due to the running of the couplings under renor-
malisation flow. Additionally, the loop expansion is known to not converge in general due to
aradius of convergence of zero. Despite this, we have an asymptotic series which provides
reasonable approximations in appropriate kinematic regimes. Moreover, statements that are
all-orders in the coupling constants provide a glimpse into elusive non-perturbative physics.

But even sticking to a finite order in the Feynman diagram expansion, there exist remark-
able resummation properties. At tree-level (leading order in the coupling), certain external
helicity configurations of either gluons or gravitons resum the many Feynman diagrams
into a single term: the Parke-Taylor [4] and Hodges formulae [5] respectively. This property
can be extended to generic helicity configurations, giving closed-form expressions (coming
from either the twistor string [6-8] or the Cachazo-He-Yuan (CHY) formalism [9-11]) that
are completely disconnected from any Feynman diagram origins.

This suggests that scattering amplitudes may arise from something more fundamental
than Feynman diagrams. This is already the case in string theory, where each order in the
perturbative expansion is given by counting the genus of the string worldsheet. At tree-
level, massless theories are beautifully described using the Cachazo-He-Yuan formalism,
with foundations coming from (ambi-)twistor string theories [12-14] — string theories with
certain projective spaces as target space. Beyond this are even more geometric approaches,
such as Grassmannians, the amplituhedron, or tropical geometry. Overall, the story of the



past decades has been that perhaps Feynman integrals are not the best way to describe
scattering amplitudes, and the true fundamentals of particle physics lie in a geometric
construction.

All of the above approaches have been studied primarily for quantum field theory in
flat space vacuum — where all fields are expanded around a trivial solution. Expanding
scattering amplitudes instead around a non-trivial background corresponds to an infinite
resummation of field excitations that represent the background. These scattering amplitudes
can be represented as a series in the coupling constants of the small perturbations. Here the
perturbation is a small fluctuation on the background that does not affect the background
geometry itself'. Scattering amplitudes on backgrounds therefore probe some of the non-
perturbative properties of amplitudes - as well as those that would only appear at much
higher orders in conventional perturbation theory. These are for example geodesic motion,
the memory effect, the structure of the Green’s function (including tail effects), the presence
of horizons, and particle pair-production.

Abig question is whether the same structures as in flat space amplitudes can exist for non-
trivial backgrounds. However, in contrast to flat space, amplitudes calculated on backgrounds
have not been studied as extensively. As an example, the Parke-Taylor formula for Yang-Mills
on flat space was first conjectured after a tree-level 6-point gluon calculation using Feynman
diagrams. On physically relevant backgrounds, the state of the art [15] is currently 4-points,
fully non-linear in the background fields. There is thus a huge calculational gap, but recent
progress has been made to fill this gap with modern amplitude methods such as twistor
sigma models [16] and the worldline formalism [17-19].

This thesis explores the progress made in two aspects of scattering amplitudes. One is
progress in the study of scattering amplitudes on backgrounds. Whilst interesting in their
own right for their mathematical properties, they also have applications in the context of
classical observables built from scattering amplitudes and the self-force expansion [20]. We
will study these applications here.

Scattering amplitudes are usually associated with quantum effects. However, they can
also capture the classical physics associated with processes such as the gravitational wave
emissions from certain events. Observables such as the classical waveform of a process can be
computed using scattering amplitudes by taking a careful h — 0 limit in the Kosower-Maybee-
O’Connell (KMOC) framework [21]. Explicitly, the scattering of two black holes, and the
emission of gravitational radition, can be modelled in the large distance limit as two massive
scalar particles interacting and emitting a graviton®. Advances in the calculation of these
waveforms are useful for understanding the possible matching waveforms for gravitational
wave observations.

In this thesis we will take a different perspective: we treat one of the black holes as
a background field, and consider the scattering of a single probe scalar particle on this

'With large enough coupling, or running of this coupling such as near high energy regions like the horizon of
a black hole, the perturbation will back-react on the geometry and give rise to many non-trivial quantum effects.
In this thesis we will not focus on these.

2Whilst this captures only scattering rather than the more physically relevant mergers of black holes, there is
progress towards analytically continuing scattering results to closed orbits.



background, emitting radiation. In classical general relativity, this is closely related to an
expansion known as the self-force expansion. The expansion parameter in this scheme is
the mass ratio m/M of the mass of the big black hole (background) M and the small black
hole (probe) m. The first order in this expansion captures geodesic motion, while higher
orders take account of backreaction effects on the motion of the particle and the spacetime.

From the amplitudes perspective, the calculation of the waveform involves a certain
three-point amplitude (a massive scalar emitting radiation) on this background. For general
backgrounds, this is a very non-trivial calculation. Here we will consider two different simpli-
fications: a semiclassical (WKB) approximation to scattering amplitudes on a Schwarzschild
(and Coulomb) background, and approximating the background as a plane wave. The former
is motivated by seeking classical observables as output. The latter is motivated by the Penrose
limit [22], which states that any generic spacetime can be viewed as a plane wave spacetime
in a certain limit. On plane wave backgrounds, the form of the amplitudes will allow us
to calculate explicitly the classical waveform arising from such a scattering event, the first
all-orders in the coupling result of this form.

The other aspect studied in this thesis is that of scattering amplitudes represented as
moduli space integrals over maps to twistor space [6, 23, 24]. These are particular repres-
entations of tree-level amplitudes at all multiplicities of external legs, derived from certain
twistor string theories in Yang-Mills and gravity. In particular, these formulae are graded in
complexity by their external helicity configurations. Whilst they only capture the tree-level
dynamics of scattering processes, there are still questions about them that have remained
open.

Twistor theory, first developed by Roger Penrose in the 60s, has revealed itself in the
last decades to be a natural place to consider quantum field theories, starting with the
development of a twistor string theory by Witten [6] to describe the scattering of gluons.
Whilst many of these twistor models still fail to capture loop effects (they have anomalies
in all but very specially chosen theories), they are the natural place to consider the tree-
level scattering of gluons and gravitons in four dimensions. Intuitively, this is due to the
integrability of the self-dual sectors of both theories, which is naturally captured on twistor
space.

For example, a self-dual gauge field in four dimensions satisfying «F = iF corresponds
in twistor space to a holomorphic vector bundle over PT valued on the Lie algebra [25]. A
self-dual gravitational field corresponds in twistor space to a holomorphic deformation of
the complex structure [26]. The up-shot of this is that a highly non-linear problem becomes
linearised on twistor space. Exploiting this, the amplitude of two negative helicity, and
n — 2 positive helicity particles can be viewed as anti-self-dual perturbations on a self-dual
background, where the self-dual background is linearised in twistor space. We can then
derive the amplitudes from two-point correlation functions on this background, giving
precisely the Parke-Taylor and Hodges formulae mentioned earlier in this introduction.

Twistor string theory was first developed in the context of N = 4 super-Yang-Mills
(sYM) [6,7,27]. It was noticed that scattering amplitudes of this theory are supported on
certain holomorphic curves on twistor space - labelled by helicity (or in the supersymmetric
case R-charge sector). The embedding of these curves is described by the twistor string,



and correlation functions of this string (with appropriate vertex operators) are the tree-level
scattering amplitudes of sYM, the expression for which is the Roiban-Spradlin-Volovich-
Witten (RSVW) formula [6, 23]. A similar story in N = 8 supergravity [8] gives rise to the
Cachazo-Skinner formula [24, 28].

These formulae were the basis for a revolution in the study of tree-level scattering amp-
litudes known as the CHY formalism [9-11]. The RSVW and Cachazo-Skinner formulae are
both localised to a sum of solutions of the polarised scattering equations. Remarkably, these
equations can be generalised to arbitrary dimensions, giving rise to the scattering equations.
The scattering equations describe the scattering of massless particles in a whole zoo of the-
ories, much beyond those that can be described using twistor strings. However, they lose the
aspects of ‘helicity grading’ that was so powerful in providing simple expressions for MHV
scattering. On the other hand, they have a natural manifestation of the double copy.

The double copy (see [29] for references) is a relation between scattering amplitudes in
gauge theory and in gravity. Heuristically, it is a way of finding gravity amplitudes from the
‘square’ of gauge theory amplitudes. In practise, this is manifested using colour-kinematics
(CK) duality or the Kawai-Lewellen-Tye (KLT) double copy for tree-level amplitudes. The
main advantage of this method to calculate gravitational scattering amplitudes is that the rel-
ative complexity of interactions in gauge theory — in comparison to gravity — is much lower.
CK duality is one of the main tools that allows for the calculation of many-loop scattering
amplitudes in supergravity, with additional applications in the study of gravitational waves.

The second part of this thesis is a careful study of the double copy relation between the
RSVW and Cachazo-Skinner formulae. This turns out to reveal a novel formulation of the
double copy, adapted to helicity-graded formulae. In addition to scattering amplitudes in flat
space, there exist formulae for scattering on certain self-dual backgrounds and anti-de-Sitter
(AdS), making use of integrable structures mentioned previously in this introduction. This
program of study therefore reveals an avenue of research towards finding a double copy
structure in the presence of background fields.

Outline of this thesis. The main body of this thesis is divided into two parts. PartI concerns
scattering amplitudes on backgrounds, whilst Part II focuses on the double copy properties
of amplitudes coming from twistor space.

The first part starts with chapter 2, which introduces the basic properties of amplitudes
calculations on backgrounds, and the main properties of some of the background fields
we will be considering. Chapter 3 concerns the calculation of scattering amplitudes on
Schwarzschild and Coulomb, whilst in chapter 4 we calculate the radiation waveforms for
scattering of a massive particle in plane wave backgrounds in gravity and electromagnetism.

The second part consists of two chapters. Chapter 5 is an introduction to twistor space
and amplitudes calculated using twistor theory. Following this, chapter 6 features a derivation
and proof of various properties of the double copy for helicity-graded amplitude formulae.

Finally, chapter 7 concludes the thesis. Additional material related to previous chapters
can be found in the appendices in part III.



Partl

On Strong Backgrounds



Chapter 2

Technical Introduction

In this chapter we will introduce the basic concepts needed for calculating scattering amp-
litudes in the presence of strong background fields. We will start in Section 2.1 by introducing
plane wave backgrounds in electromagnetism and gravity. In Section 2.2 we review the basic
tools for calculating scattering amplitudes on generic backgrounds. We will then review the
three-point amplitude in plane wave backgrounds that will play a central role in chapter 4.

2.1 Plane wave backgrounds in electromagnetism and gravity

Plane wave backgrounds are certain highly symmetric solutions to the fully non-linear
classical equations of motion in electromagnetism or general relativity (GR) [30,31]. In both
theories, they represent a field of pure radiation propagating from past to future null infinity,
along a specified null direction. The remarkable feature of these backgrounds is that they
admit exact, closed solutions to the background-coupled equations of motion associated
with momentum eigenstates. This is in stark contrast to many other backgrounds where
solving the equations of motion in an appropriate form is already a huge undertaking.

In this section, we use notation for plane waves, and their related quantities, as in [32,33].
We note that this notation differs in general to other contemporary works on generic plane
waves, such as [34, 35].

Electromagnetic plane waves The natural coordinates on which to define plane waves
are lightfront coordinates. Here the flat metric is written as

ds? = 2dx* dx ™ — 8qpdx®dx?, (2.1.1)

where a,b =1,...,d — 2. The transverse coordinates x* will often be denoted collectively
by x*. The transformation to the Cartesian coordinates is trivial for x*, and x* = x% £ x4-1,
Throughout this introduction we will use the vectorn =9 (orn, =5 " ) associated to these
coordinates.



Electromagnetic plane waves are described by the potential
Ap(x)dxt = Aq(x7)dx® (2.1.2)
or equivalently (after a gauge transformation A — A — d¢ with ¢(x) = x Ay (x 7))
Au(x) dxH = xTAg(x ) dx. (2.1.3)
The solutions to the vacuum Maxwell equations have field strength
Fuv (X7 ) dx* AdxY = Aq(x 7 )dx™ Adx®. (2.1.4)

We will consider in particular sandwich electromagnetic plane waves. Here there exists some
initial and final light-front times x; and x; so that Agx™ < x; ) =0and Ag(x™ > Xy ) = 0.
This gives us a notion of flatness in these asymptotic regions, and in particular allows for
the definition of an S-matrix on this background. We can always shift the potential A, by a
constant value, however the difference

Ao | = A (+0)—A | (—00) (2.1.5)

isinvariant. This encodes the electromagnetic memory effect associated to this background [36].
The memory effect describes the permanent change in momentum of charged matter after
the wave has passed through it. It will be particularly useful for us to define in-going and
out-going gauges satisfying

AlR(x~ < x; ) =0, AM (x> x;) =0. (2.1.6)

These are simply related by a gauge transformation with ¢ (x) = x%ay .

Free fields on electromagnetic plane waves The scalar free field solutions with charge e,
mass m, and associated momentum p,, = (p+,p1,p—) on this background are [37]

O, (x) = expli dpp (x)], (2.1.7)
Gp(x) =pxt + (pL + eA | (x))x* + 21J s [(pL +eA (s)?+ mﬂ. (2.1.8)
P+

By adding labels ‘in’ or ‘out’ to A | appearing in this expression, one can specify that the
scalar solutions looks like the flat e'P" in the in-going (x~ < x; ) or out-going (x~ > x;)
regions.

It’s possible to define a dressed momentum for these fields, via

P, dX" = —ie ¥rD e'brdXH (2.1.9)

2eA(x) - p — e?A2(x)
2p4

Pu(x) =pp—eAu(x) +ny (2.1.10)

where the covariant derivative is defined with respect to the potential and the charge of the



scalar field D,, = 0, —ieA .. Notably this momentum remains on-shell even when x— takes
values in the sandwich region.

As photons do not interact with electromagnetic backgrounds, their free field solutions
on these backgrounds remain unchanged compared to the flat case. For completeness they
take the form

ki k+
— )X

2.1.11
k. ( )

a.(x) = eyn explik - x], k-x=kext +kixt+
where we've chosen lightfront and Lorenz gauge so thate -n =0and k- e = 0.

Gravitational plane waves A gravitational plane wave is described in Brinkmann coordin-
ates [30] by
ds? =2dxt dx™ — 8qp dx* dx® — k Hap (x ) x*xP (dx)? (2.1.12)

where a,b = 1,...d — 2 and x* = x? + x4-1. This is a solution to the vacuum Einstein
equations provided that the (d —2) x (d —2) matrix Hqyp (x ) is trace-free: H2 (x ™) = 0. From
hereon we will absorb the gravitation coupling into the background « Hg, — Hqp — this
means that expressions containing H or its dependents are automatically a resummation of
k terms. We will additonally impose that the wave profile is sandwich [38]: there exist initial
and final light-front times, x;” and x; so that Hqp (x ™ < x; ) = 0and Hap (x™ > x; ) = 0.
One can see that the null vector n = 9, as defined earlier, is a covariantly constant
Killing vector of any metric of this form. Other geometric quantities related to this metric
will also play an important role in the rest of this thesis. Firstly the Riemann tensor has
non-vanishing components
Yo (xT)=—H%(x7), (2.1.13)

as well as index permutations of this. Given the traceless condition on H,} the Ricci tensor
and scalar are both zero. The geodesic deviation equation for the transverse coordinates
takes the form

8a(x7) =Hap(x ) e®(x7), ed(x7) = Ax“. (2.1.14)

We choose a basis of (d — 2) linearly independent vectors Eia(x*) spanning this set of
solutions, defining a set of transverse vielbeins for this metric. The indexi=1,...,d —2
spans the set. By definition the vielbeins obey

Eia = Hap Eib7 E[ia Eﬂb =0, (2.1.15)

where the Brinkmann indices a, b, . . . are raised by the flat transverse metric 5*°. The inverse
E' (x7) satisfies

a—2
D Bl () Eib(x7) = Sap, (2.1.16)
i=1

and we can define a metric of the geodesic distances through

Yii(x7) =E @ (xT) EjyalxT). (2.1.17)

8



The inverse of this metric is y" (x ), satisfying vi;y'* = §;*. From this, we can build a
physically equivalent metric describing gravitational plane waves, known as the Einstein-
Rosen metric [31]

ds? = dX™ dXT —yi(X7) dX X, (2.1.18)

The Einstein-Rosen coordinates can be obtained from Brinkmann coordinates using the
coordinate transformation

X~ =x", (2.1.19a)
1..

Xt =xt 4+ §E1aEibxaxb, (2.1.19b)

Xt =E' x°. (2.1.19¢)

A further object useful for describing the geometric optics of these backgrounds is the
deformation tensor '
Oab(x7) = E' (x ) Eip(x7). (2.1.20)

It encodes the expansion and shear of the null geodesic congruence through its trace and
trace-free parts respectively.

It will be useful to understand the general properties of these objects. The function
Hab (x7) uniquely defines the plane wave, however all other quantities defined above feature
some coordinate ambiguity. More precisely, (2.1.15) gives a set of unique solutions provided
we have appropriate initial conditions. Natural ones to consider are the in-going and out-
going initial conditions

Eiina(xf <x;)=0da, EM(x™ > Xy ) = diq. (2.1.21)

a

These have the general opposite asymptotics

Eiina (x™ > XF) = b%na +x Ciincn E?]itt(x_ < X1_) = bgua +x Cgug (2'1'22)
which satisfy

b el = bR e =0, b, O = 55, 5% by (2.1.23)

This is imposed from the second equation in (2.1.15) and the conservation of the Wronskian
between the two solutions. Additionally, rotating the coordinates, c; o can be set to be a
symmetric matrix.

At this point it should be noted that a big motivator for considering plane waves is that
they can describe important properties of more generic space-times such as the memory and
tail effects. In fact, applying a certain limit, called the Penrose limit [39,40] to any space-time,
will result in a plane wave space time. The Penrose limit takes as input a space-time and
a null geodesic y with affine parameter z in this space time. As a succession of observers
approach y more and more closely (i.e. travelling with greater and greater speeds), they set
their clocks to run faster and faster, until their times match z along y. The spacetime they
observe in this limit is a gravitational plane wave.



However, despite this generality, plane waves have a key issue in that they are not glob-
ally hyperbolic [41]. This is due to a phenomenon known as null geodesic focusing, or
caustics, and stems from the fact that the Einstein-Rosen form of the metric (2.1.18) is in
general singular at some values of x . However, the S-matrix is still well-defined on these
backgrounds [42].

Free fields on gravitational plane waves In Brinkmann coordinates the scalar wave equa-
tion is

(20_91 + Hap (x)x*xP 32 —09,0%)® = 0. (2.1.24)
This is solved by [43]

D(x) = Q(x ) e P, Q) = M =[BT (2.1.25)

associated to a null momentum (k2L /ki, ki, k) where

k . Kk .. . x .
by = %O'abxaxb +IGEL XS ko xt + ﬁF”, FI(x7) = J dsy"(s). (2.1.26)
+

This solution depends inherently on what initial conditions we specify to solve the differential
equation (2.1.15) for the vielbeins. Choosing E" this is a solution that is flat (e'**) in the
asymptotic past, whilst choosing E"' is flat in the asymptotic future

a

O"(x) =e** when x  <x{ (2.1.27)
OOU(x) = e when x  >x;. (2.1.28)

These solutions have a naturally associated ‘dressed‘ momentum, which will be used through-
out the calculations. This is

Ky (x)dxH = dr

=kydxt + (;ffbcxbxc + KELXP + QL H/”)dx + (kiEh + Ky Gabxb)dxa.
+

(2.1.29)

Gravitational perturbations can be constructed out of the scalar solution using the spin-
raising operators introduced in [44], generalised beyond four dimensions:

0 0
a . —cab a
R =dx 8 P +dx Py (2.1.30)

Applying this twice to the scalar solution, with some associated polarisation vector €, =
€4 €p, Which constrains our solution to lightfront and Lorenz gauge (apropriately dressed on
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these backgrounds), we have

Ry () dxPdxY = k%eafka (ebszbcp) — P (x) eqep dxtdxY O(x); (2.1.31)
+
. ot (x— Kex)n
Pe ., =P (x)P®, (x) — munvki), P, = ij” + 55 (2.1.32)

in terms of the dressed momentum (2.1.29). The n,n, term in Pabw is often interpreted as
the tail [34] of the gravitational radiation, which comes from solutions on this space violating
Huygen’s principle [45]. Huygen’s principle states that the propagation of information for
massless fields is supported on the null cone. In gravitational plane waves, the fields also
scatter off the background geometry, which means that the Green’s functions have support
also within the null cone. It can be shown [32] that the terms proportional to the shear o4y,
appearing in the polarisation tensor generate these tail effects.

2.2 Scattering amplitudes on backgrounds

In the next two chapters we will use the perturbiner method to calculate tree-level scattering
amplitudes on strong backgrounds. The perturbiner method is a functional method for
generating elements of the tree-level S-matrix. It provides a way of calculating amplitudes,
or their corresponding objects in spacetimes where the S-matrix is not well-defined, with
arbitrary external data. We encourage the reader to refer to [46-59] for the original and recent
work on this topic. The review here is primarily based on Appendix A in [32].

In the perturbiner definition of scattering amplitudes, we consider an action of the form

S[D] = Jddx (Liial®] + Ly [@]) (2.2.33)

where ® are scalar fields defined on the background. Whilst in this introduction, we will
only consider scalar fields, it is straightforward to generalise these consideration to higher
spin fields including gauge fixing. Here £\, is quadratic in the field, and captures the free
part of the theory. In particular, it defines a differential operator D? via the Euler-Lagrange
equations, which annihilates the free solutions ¢(x). The interaction part Ljy; is higher order
in the couplings of the theory, and contains the interaction terms.

The classical solutions to the non-linear equations of motion of this theory are generated
recursively using the integral formula

6Lint
dD(Y)

OM(X) =) eidi(X) + JddYA(X, Y) (2.2.34)
i=1

Here the fields {¢;} are n solutions to the free equations of motion with respect to Ly, with
appropriate (but currently arbitrary) boundary condtions. The object A(X,Y) is a Green’s
function corresponding to the differential operator D2.

Neglecting boundary terms (for example using an appropriate +ie prescription for the

11



external states), the n-point tree-level scattering amplitudes for the states {¢;} is the multi-
linear piece of the classical action with respect to the fully non-linear classical solution

MO (G, .. ) = 25O

= — 2.2.35
0e1---0€n ( )

€1==€en=0

It can be shown that this corresponds to the usual definition of the connected part of the
S-matrix for flat backgrounds. On non-trivial backgrounds where the S-matrix does not exist
(such as black hole spacetimes) this object will still encode important dynamics, as will be
discussed in chapter 3.

The next chapters will mainly concern tree-level three-point amplitudes. Assuming that
we can neglect boundary terms, these just involve the free parts of (2.2.34), and are given by
an integral over spacetime

3 Lincle1 1 + eapa + €3]
aelaegaeg

MO (1, b, s) = Jddx (2.2.36)

€1=e2=€e3=0
of the interaction part of the Lagrangian.

The generalisation to actions with multiple types of fields is straightforward, by consider-
ing the iterated solution (2.2.34) sourced in addition by the other fields.

2.2.1 Scattering amplitudes on plane wave backgrounds

Here we will consider two instructive examples of three-point amplitudes calculated using
the method illustrated above. Both of these will play a key role in chapter 4.

Electromagnetism We consider the action of a massive, charged scalar particle in an
electromagnetic plane wave background, coupled to the electromagnetic field. Seeking to
calculate the three-point scattering amplitude of two scalars and a photon on this back-
ground, the interaction part of the action has the cubic component

S[®,a] D 2eJddx a, (D*®) O. (2.2.37)

Ifwe consider the scattering of an in-going scalar, going to an out-going scalar and an emitted
out-going photon, the three-point amplitude is, see e.g. [15],

My (a4, @2, i) =
+oo
ie(2m)418¢ (p' +k—p —eay) J dx™ ey (PE + Py exp [iVIp,K]]. (2.2.38)

—0o0
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The Volkov exponent V[p, k] in this scattering scenario is given by the x~ part of the expo-
nential and equal to

_ (p+eA(s)) - (p+eA™(s)) n (p’ +eA°M(s)) - (p’ + eA%(s))

+k_x"
2p4 2pl

Vip, K] = JX ds

(2.2.39)
in terms of the in- and out-going gauge fields (2.1.6). Additionally, we recall the definition of
the electromagnetic memory a; from (2.1.5). For all in-going asymptotics (or equivalently,
no memory a; = 0) the formula simplifies to

+o00
MY (ar, Dy, @) :ie(zn)dlsij(p’+kp)J dx"e, (P* +P'H)
[ k-P(s)
x exp |i ds————| (2.2.40)
p[J‘m P+‘—k+]

on the support of the momentum-conserving 6-functions. This is the form we will be using
in chapter 4.

Gravity Consider the action describing a massive scalar coupled to gravity in a plane wave
background. The interaction part of the action has cubic component

2
S[®,h] O KJddX\/gH’L”V <zauc1> 0D — guv (apcp PO — ”2‘@2)> (2.2.41)

where g, is the background plane wave metric. Using the solutions to the free equations of
motion on this background for the scalar field and the (trace-free) gravitational perturbation,
and evaluating (2.2.36) we have [33]

My (ngU, o, pin) = —4 Kjddx Q2 (x ) Qin(x7) Eoutpev PP

x exp[—ipll +id%% +ipP"] (2.2.42)

describing the scattering of an in-going scalar with momentum p, an out-going scalar with
momentum p’ and an outgoing graviton with momentum k, with geometric objects defined
previously in this section. Due to the symmetries of plane wave backgrounds, it’s possible to
do all but the x~ integral in these kinds of amplitudes. For generic boundary conditions, the
transverse d4~2x" integrals involve Gaussian integrals. This is much simplified if we assume
that all fields have the same in/out-going asymptotics, or (equivalently) that the plane wave
has no memory which will be discussed further in chapter 4.

Using all in-going asymptotics in (2.2.42) instead, and doing all possible integrals, we
find

+o00 — .
MO (hie, by, bp) = —4 K(zﬂ)d—15ijj(p/+k—p)J dLEWPHPW(X—)eIWW (2.2.43)

e VI
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where VIp, k] is the gravitation Volkov exponent

x P Kvguv(s)
V[ 7k] Z:J dsui
P (p—Kk)+
:1rdsyii(s) oy + ~pips — piks |- (2.2.44)
CEN ke 0 T pe Y
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Chapter 3

Scattering Amplitudes on Spherically
Symmetric Backgrounds

3.1 Introduction

Our main motivation for studying amplitudes on backgrounds in this and the next chapter
is to study the two-body problem, or more generally, the classical observables arising from
astrophysical events.

Perturbation theory in general relativity has been developed extensively over the past
100 years using the two-body problem as a natural laboratory (cf., [60-63]). In this case,
the presence of multiple scales allows for several perturbative schemes which may be in-
vestigated individually, as in the effective field theory approach to the two-body problem
first pioneered by Goldberger and Rothstein [64]; see [65-67] for reviews of subsequent
developments. Among these schemes, the post-Minkowskian (‘PM’) expansion [68-76],
valid for weak gravitational fields but with no restrictions on velocity, has received renewed
attention. This interest follows a remarkable calculation, building upon [77, 78], for the PM
expansion of the conservative potential of a compact binary system, using on-shell scattering
amplitudes [79, 80]. This calculation and subsequent works [81-90] have demonstrated the
possibility of systematically organizing the PM expansion solely in terms of on-shell amp-
litudes in Minkowski spacetime and their classical limits, bypassing ordinary perturbative
methods in classical relativity and providing an alternative way to understand the two-body
problem (cf,, [21,91,92] and reviews [93-95]).

In particular, it has been demonstrated — for instance, using the formalism developed
by [21,96-99] — that the PM expansion of classical observables such as the scattering angle,
waveform and power emitted are determined by corresponding on-shell, perturbative scat-
tering amplitudes. In essence, the classical observable, to a given PM precision, is determined
by an on-shell phase space integral over the classical limit of on-shell scattering amplitudes
(or products thereof) computed in the ordinary perturbative expansion of a quantum field
theory. For example, the classical waveform for gravitational radiation emitted by the scat-
tering of two Schwarzschild black holes is determined to leading PM order by the tree-level
5-point amplitude for two massive scalars to scatter and emit a single graviton in the field
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theory of massive scalars minimally coupled to general relativity [98].

Consequently, it is natural to consider whether the same tools can be applied to other
perturbative expansions relevant to the two-body problem in general relativity. One example
is the self-force expansion [20, 100-104]. This expansion assumes the existence of an exact
solution to the Einstein field equation, referred to as the background and it is defined by
studying deviations from geodesic motion in powers of a dimensionless parameter given by
the mass of the particle and a natural mass scale associated with the background.

The self-force expansion on a Schwarzschild (or Kerr) background is perhaps the most
notable example, due to its significance in the effective-one-body description which accur-
ately describes the two-body problem in general relativity for a (non-spinning) binary system
of masses mand M > m [105-108]. At zeroth-order in the mass ratio m/M, the motion of the
probe particle follows a geodesic, and no radiation is emitted. At next-to-leading order, the
emission of gravitational waves due to the particle’s acceleration and its consequent backre-
action is taken into account by solving Einstein’s field equations to the same order [109-113],
or equivalently, considering EFT in curved spacetime [114, 115]. Interestingly, most of the
literature on this topic has focused on the study of self-force for initially bound orbits, while
the investigation of the unbound case has only gained attention quite recently [116-123].
This setting seems highly amenable to scattering amplitude methods, where initial data is
expressed in terms of on-shell, unbound states.

An intriguing question arises: what are the necessary amplitude building blocks to com-
pute self-force corrections to scattering observables on a Schwarzschild background? In this
chapter, we provide an answer: the required building blocks are represented by semiclassical
on-shell amplitudes on the corresponding Schwarzschild background, constructed within
the perturbiner approach (cf., [46-58]) as reviewed in chapter 2.2. Here tree-level scattering
amplitudes are computed from solutions of the classical equations of motion, determined
by the multiplicity of the scattering process of interest, and by the quantum numbers of the
scattered states. While this is also the natural input for standard (i.e., Feynman diagram)
calculations of scattering amplitudes, the power of the perturbiner approach is that it can be
used even when the S-matrix does not exist, as on a Schwarzschild background [42, 124-128].
We show that the building blocks of self-force corrections constructed in this way are con-
trolled by Hamilton’s principal function on the background. Furthermore, we demonstrate
that they may also be interpreted in terms of resummed perturbative amplitudes. We thus
argue that our approach provides a conceptual pathway to the self-force approximation for
unbound orbits solely in terms of on-shell amplitudes in vacuum!.

Our focus is on the scattering of scalar particles and the leading order emission of radi-
ation in static spherically symmetric backgrounds. We find it useful to consider electromag-
netism alongside the more complicated gravitational setting (see [134, 135] for studies of
the two-body probem in scalar QED using the electromagnetic analogy of the PM expan-
sion), so our investigation concerns scattering in Coulomb and Schwarzschild backgrounds,
respectively.

At the geodesic level, the possibility of exploring all-order results from resummed scattering amplitudes
in vacuum has been investigated in [129], using an algebraic relation between scattering amplitudes and the
Hamiltonian in an isotropic gauge [80, 130-132], valid to all orders only in 4-dimensions [133].
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This chapter is organized as follows: In Section 3.2 we introduce the notion of semiclas-
sical scattering amplitudes, the calculation of which will be the focus of much of this chapter.
Section 3.3 applies this formalism to elastic scattering of massive scalars on Coulomb and
Schwarzschild backgrounds, where we introduce a novel method to define the semiclas-
sical wavefunctions in terms of Hamilton’s principal function (HPF) for the background
and certain ‘matching coefficients’ to ensure proper asymptotic behaviour. We see that this
reproduces the well-known expressions for elastic scattering and geodesic motion in terms
of the radial action of the background.

We then proceed to the computation of the semiclassical photon emission amplitude
in Section 3.4. We see that this is controlled by the HPF (rather than the radial action), and
demonstrate that in the classical, weak field limit the semiclassical amplitude on the Cou-
lomb background gives the probe limit of the classical 5-point photon emission amplitude
from two scalars. This implies that the classical, probe limit of the 5-point amplitude is
in fact a linear function of the HPF itself, highlighting that it is the HPFE rather than radial
action, which controls radiation. Section 3.5 deals with the semiclassical graviton emission
amplitude, where the definition of the emitted graviton state presents new complications.
While we are only able to define the amplitude schematically on the full Schwarzschild metric,
linearising the background enables a more explicit but still rich computation. The semiclas-
sical amplitude is again controlled by the HPE with its classical weak field limit reproducing
the classical probe limit of the 5-point graviton emission amplitude from massive scalars in
Minkowski spacetime. Section 3.6 concludes with a discussion of future directions and how
classical, self-force observables can be constructed from our results.

3.2 Semiclassical scattering amplitudes

In standard perturbation theory around a trivial vacuum, tree-level scattering amplitudes
can be given a purely variational definition, as multi-linear pieces of the classical action
evaluated on recursively constructed solutions to the equations of motion. The order to which
one constructs the solution perturbatively in the coupling and its boundary conditions are
dictated by the multiplicity of the scattering process and the asymptotic quantum numbers
of the scattered states, respectively. This is sometimes called the perturbiner approach to
scattering amplitudes [46-58], which trades the combinatorial computations of traditional
Feynman rules for computations in differential equations and variational calculus.

The perturbiner approach can easily be extended to scattering amplitudes in background
(gauge and gravitational) fields by extracting multilinear pieces of the classical background
field action (cf., 32,33, 136-138])?, as reviewed in chapter 2. When the background fields
admit an S-matrix (e.g., ultrarelativistic beams, shockwaves and sandwich plane waves in
gauge theory and gravity), the amplitudes obtained from the perturbiner approach agree with
those obtained using background-coupled Feynman rules. However, even when the S-matrix
does not exist — as in black hole spacetimes [42,124-128] - the perturbiner approach remains
well-defined. The resulting amplitudes are gauge-invariant quantities which contain all of

2An equivalent definition of these quantities as ‘on-shell’ correlators has been given in [139-141]
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the dynamical information expected from tree-level background field scattering amplitudes
which is needed to compute observable quantities; see [142] for explicit examples in the
case of electromagnetic horizons. As such we continue to use the word ‘amplitudes’ for the
output of perturbiner calculations. Other potential ambiguities associated with a particular
background (e.g., lack of a unique choice of vacuum) will manifest themselves in the choices
of admissible boundary conditions for the background-coupled equations of motion.

The recursive construction of solutions to the equations of motion in the perturbiner
approach is seeded with solutions to the free equations of motion with boundary conditions
corresponding to asymptotic scattering states; this is simply the perturbiner version of LSZ
truncation. The external states corresponding to the full tree-level S-matrix (which will
include quantum information when there are massive particles involved) are thus exact solu-
tions to the ‘free’ equations of motion on the background. However, on many backgrounds
including Coulomb potentials in QED and black holes in general relativity (linearised or fully
non-linear), the required solutions are so complicated that explicit calculations of scatter-
ing amplitudes — particularly in the presence of emitted radiation — have simply not been
possible.

To address this, we introduce here a tractable approximation of tree-level scattering
amplitudes in background fields which we refer to as semiclassical scattering amplitudes.
These semiclassical amplitudes are defined by taking the semiclassical WKB approximation
for the external states in the scattering process — that is, by approximating solutions to the
free equations of motion in the background — and using these as the input for the perturbiner
approach. To be precise:

Definition 1 (Semiclassical scattering amplitude). A tree-level scattering amplitude (in the
sense of the perturbiner approach) with all external legs defined by solving the free equations
of motion using the WKB expansion to leading order in the h — 0 limit.

For external massless fields, where h does not enter the equations of motion, this semi-
classical prescription is not an approximation: the free equation of motion is classically exact.
Thus, massless legs in a semiclassical scattering amplitude are represented by solutions to
their full equation of motion, without approximation.

As we will see, semiclassical amplitudes defined in this way are controlled by Hamilton’s
principal function (HPF): the solution to the Hamilton-Jacobi equations for a particle on the
background. Even when there are massless external legs which interact with the background
— as in the emission of gravitational radiation on a curved spacetime — this remains the
case, as the graviton wavefunction can be written in terms of the HPF and a background-
dressed polarization tensor, which is itself related to the HPF through the linearised Einstein
equation.

The massive free field equations on the asymptotically flat, static and spherically symmet-
ric backgrounds (i.e., Coulomb and Schwarzschild) that we consider in this chapter are not
WKB exact, so these semiclassical amplitudes contain less information than the full tree-level
S-matrix, but — as we will see — they encode the underlying classical probe dynamics in the
background and its weak field limit.
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3.3 Semiclassical scalar wavefunctions & elastic scattering

The external wavefunctions for any scattering process in a background are defined by solving
the free, background-coupled equations of motion for the asymptotic incoming and outgoing
states involved in the process. For massive scalar particles coupled to electromagnetism
or gravity, these are solutions to the Klein-Gordon equation on the given background with
appropriate boundary conditions. The standard approach to solving these equations for
spherically symmetric backgrounds like a Coulomb field or the Schwarzschild metric is to
separate variables, reducing the problem to a second-order radial ODE for the coefficient
functions of a spherical harmonic expansion (cf., [143-151]). The 2-point (or, more properly,
1 — 1) amplitude for elastic scattering is then read off — at least, in principle — from the
asymptotic expansion of these radial wavefunctions (cf., [152-155]). Simplifications arise un-
der assumptions such as small momentum exchange, ultrarelativistic limits or a perturbative
description of the background (e.g., [138, 156-160]).

Here, we show that semiclassical scalar wavefunctions in static, spherically symmetric
backgrounds can be determined (at all-orders in the coupling, for generic scattering angle)
by using a WKB ansatz combined with an asymptotic matching condition to the usual radial
wavefunctions. This procedure is inspired by a similar ‘patching’ approach to solving the
Klein-Gordon equation in the WKB-exact, ultrarelativistic setting where the background
is localized on a lightfront [41, 156, 160, 161], suitably generalized to non-WKB-exact back-
grounds like Coulomb and Schwarzschild. States constructed in this way have the substantial
advantage of being highly amenable to calculation in the relativistic, covariant framework of
background QFT. As a warm-up, we show how the 2-point, elastic scattering amplitudes for
semiclassical scalars are obtained in a straightforward way using these states.

3.3.1 Semiclassical scalar states on static, spherically symmetric backgrounds

On-shell complex scalar fields coupled to background electromagnetic or gravitational fields
are defined by solutions to the Klein-Gordon equation in the background. Let A, (x) denote a
background electromagnetic field solving Maxwell’s equations in Minkowski spacetime and
gu~ (x) denote a background metric solving the Einstein equations. Working in Lorenz gauge
for the electromagnetic background (0" A, = 0) and de Donder gauge for the gravitational
background (g"¥ %, = OforT'Y, the Christoffel symbols of g, ), the Klein-Gordon equations
become

2i e? m? m?
<D—heAuau—h2A2+hQ> (b(X) :O, <guvauav_f12> (I)(X) =0. (331)
In the first equation, O := n*v0,0+ is the Minkowski spacetime d’Alembertian, e is the
charge of the complex scalar and all indices are contracted via the Minkowski metric.

To define semiclassical states from solutions to these equations, we employ a WKB

approximation

d(x) =€ . (3.3.2)

In the h — 0 semiclassical limit, the Klein-Gordon equations (3.3.1) become the Hamilton-
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Jacobi equations for the background:
Y (0,8 —eA,) (3,S—eA,) =m?, g"v9,50,S =m?. (3.3.3)

In other words, in the semiclassical limit the field equations impose that the WKB phase S(x)
becomes Hamilton’s principal function (HPF) for the background. From now on, we will set
h = 1 in most expressions, with the implicit understanding that we work in the semiclassical
limit described by (3.3.3); the dropping of quantum contributions will be highlighted where
necessary.

Now, to obtain scattering states parametrized by an on-shell asymptotic momentum p,
obeyingn*Vp,pv = m?, we follow [138] and make a weak-field expansion of the WKB phase

S =) s™x), sM(x)uxer, G, (3.3.4)
n=0

where e is the elementary charge in the electromagnetic case and G is Newton’s constant
in the gravitationally-coupled case. We also assume the existence of a similar weak-field
expansion of the background fields themselves; for the inherently linear electromagnetic
background this is trivial, while for gravity it implies

Guv =Muv + Huy + Z HS:/) (3.3.5)

n=2

with Hy oc G the leading, linear correction to Minkowski spacetime and HL’},] x G™ encod-
ing the higher, non-linear terms.

This leads to a system of coupled differential equations at each order in the expansion:
0,5 sl = m?2, (3.3.6)

EM: 05 9,sW) —eAr9,s®  GR: 2045 9,sM =H#v 5,5 3,50  (33.7)

to subleading order in the weak field expansion, with all indices in all equations now con-
tracted using the Minkowski metric. The (theory-independent) leading equation for $() can
then be solved in terms of an on-shell momentum p ,:

SO =p-x, pP=n"Vpupy=m?, (3.3.8)

in Minkowski spacetime.

We now make an additional simplifying assumption, which in effect restricts us to the
cases of interest: we assume that the background field is spherically symmetric. By Birkhoff’s
theorems in both electromagnetism [162] and general relativity [163-165] this implies that
the backgrounds are static and asymptotically flat. In particular, if we assume that scattering
occurs in a vacuum region of spacetime (i.e., outside of any sources), the electromagnetic
and gravitational background fields are the Coulomb gauge potential and Schwarzschild
metric, respectively. In terms of the fields entering the PDEs defining S(!) in (3.3.7), we have,

20



in spherical polar coordinates (t, r, 0, ¢)
_ 2GPuy

u
:271:, Hyy = =1 (3.3.9)

Ap

where Q is the charge of the Coulomb potential, U, = (1,0,0,0) and P is the constant
tensor

:Puv =M (Thuxnvfi F Mg NMva — Npv T]oc[i) uxub ) (3.3.10)

for M the Schwarzschild mass. The equations (3.3.7) for S(!) are then easily integrated to
give

-u
sWix) = LUy Er 7.7, 3.3.11
(x) 1l g(plr+p-7) ( )
for electromagnetism and
G Py
sW(x) = % log([plr +F - ) (3.3.12)

for gravity. In both expressions, § denotes the spatial components on the on-shell momentum
pu with (Euclidean) norm [p].

It should be noted that in the context of large-distance, the phase S(!) is equal to an
eikonal phase, which is a function of the radial distance r alone (cf., [138, 151, 158]). However,
if one wishes to consider situations beyond elastic 2-point scattering, the non-trivial angular
dependence of $(!) is crucial, as we will show later.

More generally, one can proceed recursively to solve for the HPF (3.3.4) order-by-order
in the weak-field expansion. Let S;, (x) denote the resulting all-order HPF corresponding to
on-shell asymptotic momentum p,; a general solution to the free field equations (3.3.1) can
then be determined by taking an on-shell linear combination of such particular solutions:

d(x) = jdcb(p) Alp)elSp0) (33.13)

where (defining d*p = d4p/(2m)* and §(-) = 275(-)),
do(p) == d*p ©(p®) §(p? —m?), (3.3.14)

is the Lorentz-invariant on-shell measure and A(p) are as-yet-undetermined coefficients.
At this point, we take inspiration from a similar procedure for constructing general solu-
tions to the Klein-Gordon equation on plane- or pp-wave backgrounds which are localized
on alightfront [41,156,160,161]. In that context, the coefficients in the on-shell superposition
(3.3.13) are determined by matching conditions at this lightfront, namely that the equation
of motion is solved on the lightfront itself. Such backgrounds which include impulsive plane
waves, ultrarelativistic shockwaves and beams are, of course, very different from Coulomb or
Schwarzschild: they are WKB exact, so the procedure determines fully quantum mechanical
scattering states. The lesson we wish to apply to the context of (3.3.13) in a Coulomb or
Schwarzschild background is that the coefficients in the sum can be fixed by demanding
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that the solution has desired properties in a certain region of spacetime.

In Coulomb or Schwarzschild, the natural matching region is at spatial infinity3, r — oo.
Here, our solution should agree with solutions to the Klein-Gordon equation obtained in the
‘standard’ way, by separating variables and expanding in spherical harmonic modes. The
radial wavefunctions obtained in this way encode the elastic scattering amplitude in their
asymptotic behaviour as r — oo, so clearly the solutions (3.3.13) must agree with them in
this asymptotic region. This is enough to fix the coefficients A(p).

To begin, recall that general solutions to the Klein-Gordon equations (3.3.1) in a static,
spherically symmetric background can be written in terms of a spherical harmonic expansion

4 iEt X _
Pplx) = Y Z YIMR) Y (P) Rem (1), (3.3.15)

(=0 m=—¢

where E = p?, Y (x) are the usual spherical harmonics evaluated at (6, ¢) on the unit sphere
X = (sin© cos @, sin 0 sin @, cos @) and p = P/|p| is the unit vector associated to the spatial
momentum. The non-trivial part comes from solving for the radial wavefunction modes
R¢m (1), which are determined by a second-order ODE of Schrédinger type. The functional
form of these radial wavefunctions can be quite complicated: in Coulomb or linearized
Schwarzschild backgrounds they are Whittaker/confluent hypergeometric functions, while
in a fully non-linear Schwarzschild metric they are confluent Heun functions. Luckily, we will
only require the asymptotic form of the radial wavefunctions as r — oo, and their asymptotic
expansions are well-known (cf., [168] Sections 33 and 31, respectively).

First, we consider the asymptotic expansion of the semiclassical WKB ansatz. For S(0) =
p - x one invokes the plane wave expansion and spherical harmonic addition theorem to find

PX=dm ) Y el YR YR (p) et (3.3.16)

where j, are the spherical Bessel functions. As r — oo these obey

et IPlr—tm/2)  o—i(|plr—Lm/2)

jellplr) = +0(r ?). (3.3.17)

2ifplr — 2ilplr
The two leading terms correspond to left or right-moving particles in the semiclassical state,
respectively; only the second term is relevant for the desired state in the on-shell sum (3.3.13),
so the first term is discarded by hand*.

3In spherical polar coordinates, r — oo is the asymptotic boundary region associated to the Coulomb potential
and Schwarzschild metric. However, one could instead write the background fields in some other coordinate
system with a different boundary; for instance, retarded Bondi coordinates would give future null infinity .#
as the natural boundary. The matching conditions and wavefunctions in such alternative coordinates will
certainly look very different to those in spherical coordinates, but diffeomorphism invariance ensures that the
corresponding scatting amplitudes themselves will agree; see [166, 167] for some 2-point examples obtained
from .#.

4If we proceeded naively, keeping the first term leads to an apparent un-physical divergence in the wave-
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From (3.3.11) — (3.3.12) it is clear that the next correction to the HPE S(!) (x) grows like
log ras r — oo, while all terms in the HPF $(™) forn > 2 scale as O(r—!) (see [169-172] for
explicit expressions at n = 2 in the eikonal regime); this follows simply by inspection of the
structure of the Hamilton-Jacobi equations at higher-orders in the weak-field expansion.
Thus, it follows that the semiclassical WKB wavefunction, to all orders in the coupling,
behaves at large r as

00 . . IR (1)
i Sp(x iom (Z (&) Ve > QBRI s | g2y, (3.3.18)
4

for an outgoing state. Using the spherical harmonic completeness relations, this is further
simplified to

) 2711 _I15 1
elSp(X):lﬁ% 2 (2 p)e (EPIsU) | g2y, (3.3.19)
where
52 (%) e 1 8205 % 2
0, (& =Pp) = (x—7), (3.3.20)

sin @
covariantly localizes the angular dependence to that of the on-shell momentum. On the
support of these delta functions

sW(x) — C, log(2IpIT), (3.3.21)

for C,, the theory-dependent constant pre-factor determined by (3.3.11) and (3.3.12) in
electromagnetism and gravity, respectively.

Feeding (3.3.19) and (3.3.21) into (3.3.13), the asymptotic behaviour of the general solu-
tion is

2m (% i(E t—|p| 7+ Cp log(2/p] 7 2
d(x) = Ty Pl d[pI A(Ipl, %) ! Plr+Cplog(2PIT)) L O (y72), (3.3.22)

where three of the four on-shell phase space integrals have been done trivially against delta
functions.

At this point, the asymptotic matching condition between (3.3.22) and an exact solution
of the form (3.3.15) with momentum p;, and energy E reads:

i oo

E J [B1dF| AP (1], %) lim e!(® Pl ColosipiT))

E Jo T—00

%) 4
26FL Y Y YRRV Jim Rem(1),

=0 m=—¢

(3.3.23)

where the superscript on AP’ denotes the fact that these coefficients are being fixed by

function. To see that the first term corresponds to a finite contribution which simply has the wrong scattering
behaviour requires a more careful treatment of all harmonic and asymptotic expansions, which is described in
AppendixA.1.

23



matching with a solution of momentum p’. This condition can be solved by taking
AP (191, P) = — = 8(tp1 — 15

T—00

) 4
XD DY) YEP') Hm Ry (r) el(PIr=ColoslIPIM) (33 24)

Now, as v — oo the radial wavefunctions behave at leading order as (cf., [151]):
Rem (T) =00, o—ilIPIT—Cyp log(2IP] 7)) +iBe , (3.3.25)

where B, depend on the kinematics and mode number ¢ but are otherwise constant. In
other words, the r-dependence appearing in the large-r limit part of the matching condition
(3.3.24) precisely cancels, leaving a finite result.

The combination of spherical harmonics and large-r limits appearing in (3.3.24) can then
be repackaged into a (finite) partial wave sum known as the elastic scattering amplitude [151]:

com=t (3.3.26)
:Z(2€+1)P2(ﬁ f)/) 6211@(T=00)—17'(e’
=0

where P; are the Legendre polynomials and I, (r = o) is the radial action [173] at infinity,
regularized by the subtraction of a divergent accumulation phase. The radial action takes
the explicit forms (cf., [151])

T 52g2 4 EeQ o 2
[Foulomb (1) :J \/ P 3227[ tds, (3.3.27)

Tturn

forve = 4/€2 — % —1/2in Coulomb and

I%Ch(r) _ ds. (3.3.28)

JT P2s2+2GMms — s=26My2
(s —2GM)2

Tturn

in Schwarzschild, and the accumulation phase takes the universal form [p|r +n log(2|p|r) for

Coulomb _ E€Q Seh._ GM (B2 +52) . (3.3.29)

" Tompplr T TR

In both cases, T is the value of s for which the integrand - the radial momentum of a freely
falling probe — vanishes.

It is worth mentioning that in the limit where the angle between p and p’ is small, it
is well-known that the partial wave sum in (3.3.26) can be expressed as an eikonal integral
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(cf., [149,174-179]). In this eikonal limit, the coefficients A(p) are still given by (3.3.32), but
the amplitude f is now given by

fpl(‘fﬂ, p) =ilpl Jd2XL el X (P—p") (i (2L(Ix =7 ] x*]) ’ (3.3.30)

where
I(petD) 1= gy (1 = 00), (3.3.31)

in terms of the radial action. This is due to the eikonal limit of the partial wave sum being
dominated by large { contributions, and the eikonal integral (3.3.30) is similarly dominated
by a large [x*| saddle point [180-183].

To summarize, for arbitrary scattering angle the matching condition fixes

oo %F
AP (Ipl,p) = & S(Ipl — 18" P (Ipl, p) (3.3.32)

with P’ (5], p) determined by the radial action of the background. Feeding this back into the
initial form of the general solution (3.3.13) gives the final expression for an outgoing state
associated with momentum p*:

dp(x) = Jd@(u AP (1) et S1ix)
v (3.3.33)

:Amjﬁoﬁwmim&“)

)
10:P0

upon performing two of the on-shell phase space integrals. The remaining integral is over
the celestial sphere with measure

d?Qy = sin 0, d6; dey, (3.3.34)

corresponding to the angles defined by 1.

3.3.2 Scattering without emission from the radial action

Usually, the elastic 1 — 1 scattering amplitude in a static, spherically symmetric background
is read off from the asymptotic expansion of the radial wavefunction, with the results for
Coulomb and Schwarzschild backgrounds being well-known [143, 144, 146, 149-151, 154].
Here, we show how these results can be obtained directly from the perturbiner approach
described in chapter 2.2.1. This is important for two reasons: firstly, it extends the results
of [138] connecting 1 — 1 scattering in linearised Schwarzschild with the eikonal amplitude
to 1 — 1 scattering in the exact, non-linear Schwarzschild metric, and secondly, it serves
as a useful warm-up for the case of 1 — 2 scattering with emission that we will consider in
subsequent sections.

The 2-point amplitude in this framework is given by the quadratic part of the background
coupled classical action, evaluated on the sum of an incoming and outgoing state, taking
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only the contribution linear in each state. The fact that these states solve the free equation
of motion means that only a boundary term contributes®, and for background Coulomb of
Schwarzschild fields (expressed in spherical coordinates) it is straightforward to show that
this is given by

Iy
5500 P

(p’|81p) == lim JR . dtd®Q, r* p' 3, o (3.3.35)
X

for 1 — 1 scattering of a charged or gravitationally-coupled complex scalar with initial mo-
mentum p and final momentum p’. As the amplitude is totally localised at spatial infinity, the
scattering conditions at this boundary are that the incoming and outgoing states appearing
in (3.3.35) are given by

, (3.3.36)

Gpi(x) =elSr ) g (x) = —ilp| Jd2Q1 L VeS|

in terms of the HPF and background dressing (3.3.33).
Plugging these into (3.3.35) and exploiting the asymptotic expansion (3.3.19) gives

IS = lim | dedP0.dP0ush (k- p) s, R - DL D
Rx (S2)2
x expli ((E' = E) t+ (1 — [5)) 7+ Cpr log(2(p 1) — Cy log(2(f)] , (33.37)

dropping all terms which vanish in the r — oo limit. The time integral is now performed to
give a delta function setting E/ = E, and thus |p| = [p’|, as the masses of the incoming and
outgoing states are equal. This immediately removes all remaining r-dependence from the
integrand, rendering the r — oo limit trivial and leaving

(p'I8Ip) =8(E' —E) J d2Q, 420183, (X —P) 5 (k=D P (5], 1)
$2x 52 (3.3.38)
= §(E' —E) (I, P).

In particular, we find that the well-known result that the 1 — 1 elastic scattering amplitude is
given by f? (5], ). By (3.3.26), this also confirms that the 1 — 1 amplitude on any spherically
symmetric background is captured exactly, without any small angle or leading-order eikonal
approximation, by the full outgoing amplitude, which is itself controlled by the radial action
associated with the background [151].

The scattering angle: It is interesting to see how classical physics, such as the scattering
angle, is encoded in the 2-point amplitude (3.3.38). The Legendre polynomials appearing

SFor the Schwarzschild metric, there is another boundary at 1 = 2GM, the event horizon. By ignoring
this boundary’s contributions to the 2-point amplitude, we are implicitly considering elastic scattering with
sufficiently large impact parameter that the probe’s interaction with the horizon is vanishingly small. This
assumption is implicit in most considerations of 1 — 1 scattering in black hole spacetimes, although there are
several interesting studies that consider horizon effects in different frameworks (e.g., [184-191]).
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in (3.3.26) describe the angular dependence of the wavefunction for the outgoing state
and contain both classical and quantum information; in keeping with the correspondence
principle [192], the classical information is encoded only by certain values of { in the partial
wave sum, namely (cf., [155], Chapter VII §49 and XVII §127):

00>1, (m—0)t>1, (3.3.39)

for cos® = p - p’ (not to be confused with the spherical polar coordinate 0). The condition
of classicality for the angular part of the wavefunction can thus be expressed as: for a given
value of 6 # 0, m, the classical limit occurs for large values of {, which corresponds to a
small variation in the De Broglie wavelength. In this limit, the Legendre polynomials can be
expanded as

Pe(cos0) = w/% ]0<<e+ ;) e> +0((80)73/2y, >0t (3.3.40)

where ] is the Bessel function of the first kind. Substituting this expansion into (3.3.26) does
not result in any loss of information so long as the resulting expression is understood in the
classical (i.e., large €) limit.

In particular, this eliminates the need to use a small-angle approximation to arrive at the
expansion (3.3.40), as was done in [179]. One then defines

(t+1/2)

b= —
Pl

: (3.3.41)

so that the high-energy limit is now equivalent to assuming small variations of b and the
sum over { can be replaced with an integral over b. The 2-point amplitude then becomes

" [ (= PN
(P18 1p) = 28(E' ~E)pl\ 5 | babJolfpleb) 21Tl
0

: 0 2
_ iS(E’ _ B [ 0 J' bdb J T[d(peih‘j\eb 008 @ Gi(21(b)—7|F] b)
s sin® Jg 0 ’

where I(b) is defined in (3.3.31) and the last line follows from the integral representation of
the Bessel function. Performing all integrals via saddle point approximation, one finds that
the integral is sharply peaked at (b*, ¢*) such that

(3.3.42)

2 dI
0+ = —(b*)—n=0, *=0. 3.3.43
5l db ¢ (3.3.43)
Finally, since the scattering angle is x := m — 6, we can use (3.3.41) to obtain an expression
for this classical observable as a function of the radial action to all orders:

XZQdIe*(T:OO)

1 , (3.3.44)
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which is still valid for large angles®.

3.4 Photon emission

At 2-points, we have seen that the WKB approximation for the external states captures the full
elastic scattering amplitude through the leading-order correction to the HPF in the weak field
expansion. In particular, the fact that the 2-point amplitude is localized as an asymptotic
boundary term means that all contributions come from the purely radial part of S(!), which
is controlled by the radial action of the background. Beyond elastic scattering, when the
emission of radiation plays a role, this is no longer the case.

In this section, we compute the semiclassical amplitude for photon emission from a
charged scalar scattering on the Coulomb background. After showing that this amplitude
is controlled by the HPE we consider the classical weak-field limit of the amplitude in the
Coulomb background, recovering the classical part of the probe limit of 5-point scattering
between two charged scalars with single photon emission in a trivial vacuum. This confirms
that our semiclassical amplitude contains the expected physical information at leading
order in perturbation theory, but also demonstrates that the radial action is not sufficient to
describe classical two-body physics in the presence of emitted radiation at infinity. Indeed,
the full angular dependence of the HPF is required to obtain the correct perturbative result.

3.4.1 Semiclassical photon emission amplitude

Following the perturbiner description of tree-level scattering amplitudes (cf., [32, 33, 46—
53, 138]), the 3-point amplitude for photon emission from a complex, charged scalar in a
background gauge field is given by (i times) the tri-linear terms of the scalar QED action,
evaluated on solutions of the free, background-coupled equations of motion:

(p,KISIp) =—e jd4x (ai‘ﬁ G DM — aptt (D i) ¢g‘%t) , (3.4.45)

where d)gl, g‘}t are the incoming and outgoing scalar fields with momenta p and p’, respect-
ively ap'}} is the outgoing photon with (massless) momentum k, and Dy, = 0, — ieA,, is
the covariant derivative defined by the background gauge field. To obtain the semiclassical
scattering amplitude, we simply evaluate this expression using wavefunctions defined by
the WKB approximation — and hence the HPF of the Coulomb background - in accordance

with Definition 1.

Since the photon is massless and does not interact with the background gauge field, it
can be described exactly by an ordinary plane wave momentum eigenstate, while the scalar

50f course, this relation can also be derived using standard Hamilton-Jacobi analysis [173]; what is relevant
for us is that it can be related to scattering amplitudes.
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wavefunctions are given by the general solutions (3.3.33)". Explicitly, we have:

b = [d0 AT

1o:p0’
out __ / "1y A1Sy (3.4.46)
— [do(U)AP (V) eiSt ,
¥ J (A7) (1)0=(p")°
aiui —_ Eu elk~X ,

where ¢, is the photon polarization vector, on-shell with respect to the photon momentum
k" in Lorenz gauge (i.e., k?> = 0 = k- ¢). the massless photon momentum. With these external
wavefunctions, the semiclassical photon emission amplitude is

(p' KISIp) =ie Jd‘*xdcp(t) dd(U)AP (D) AP (1)

0

. 19=p
x € (0S1 +0Sy +2eA) el kx+Su=S1)

(1)0=(pr)0’ (3.4.47)

with A, given explicitly by (3.3.9). Aside from performing the trivial time integral (which
results in an energy-conserving delta function), this is as far as the semiclassical scattering
amplitude can be evaluated analytically (at least, without making further approximations or
simplifications).

This complexity is simply an example of the more general fact that amplitudes on strong
backgrounds (even with WKB-exact wavefunctions) are generically highly non-trivial func-
tions of the scattering data (cf., [15, 193, 194]). Unlike in a trivial vacuum, it is not usually
possible to perform all spacetime vertex integrals, even at low numbers of points.

Given this complexity, it is natural to ask if there are any checks that we can perform on
our results. Clearly, the semiclassical amplitude (3.4.47) contains some of the information in
the full tree-level 3-point amplitude for photon emission on the Coulomb background, but it
is not at all obvious that this corresponds to the probe limit of leading classical, perturbative
contributions to photon emission. To check this, one must re-expand (3.4.47) in powers
of the coupling to the background to see if an appropriate, purely perturbative result is
obtained.

3.4.2 The classical and weak field limits

If the semiclassical 3-point amplitude is truly capturing classical perturbative physics, then
the leading classical contribution to (p’, k| 8 |p) in an expansion in the coupling to the Cou-
lomb background Q should recover part of the 5-point tree-level perturbative amplitude
for two massive scalar charges to scatter and emit a photon. The part of this amplitude we
should recover is its leading classical behaviour (since we work in a WKB expansion) in the
probe limit, in which the recoil of one charge (which is essentially a background, since it is
not affected by the scattering) is neglected.

"As amplitudes at 3-points and higher are not localized to a spacetime boundary, both incoming and outgoing
wavefunctions must be fully dressed by the background.
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The expansion of (3.4.47) to first order in Q contains two qualitatively distinct contribu-
tions. One set of terms will arise by taking the order Q contributions from each factor of the
matching coefficients AP (1) and AP’ (1), with all occurrences of the HPF being restricted to
$(9), In other words, taking factors of Q from the first line of (3.4.47) only. The other set of
terms arises from taking order Q contributions only from the second line of (3.4.47), with
only order Q° contributions from the matching coefficients.

Let us begin by considering the first set of contributions to the weak-field limit:

D , “ . , lO:pO
e | dixd?oid oy (F(pl, D (5], 1)) | er (L 1)eltert i
| atxaondtan (WIFLD P (5 10) | e ) s
. _ . 10—p0
:2eJ64k+1’—ld2Q dQQ/<fP 5, 1) P *’,1’)‘ el . (3.4.48
( oo (P D (F D) [ et e

ignoring irrelevant overall factors. As this is proportional to on-shell 3-point momentum
conserving delta functions, it is immediately vanishing; however, it is interesting to see that
these contributions also vanish if one first takes the classical limit rather than using the
overall momentum conserving delta functions.

As we saw in Section 3.3, in the classical limit the elastic amplitude behaves as an eikonal-
like integral, meaning the weak field expansion has the form

P (Ipl, 1) = 88, (p — 1) +1A4(1— )+ 0(Q?), (3.4.49)

where A4 is the tree-level, single photon exchange amplitude between two charged scalars
with exchanged momentum 1 — p. This arises through the eikonal phase, which is precisely
the inverse Fourier transform of A,4. Furthermore, at leading order in the classical limit, the
massless photon momentum k scales as h times the classical wavenumber (cf., [21]). Thus,
in the classical, weak field limit the contribution (3.4.48) is given by

. N . N N . . R — R 10:]30

leZQJzS‘*u’—t)d?Qld?QVew(é%zl(p—lwu'—p’)—6%)1,( ’—1’)A4(p—1)) oo
—ie?Qe-p (Asp—p)—Aslp—p")
=—2e2Qe-pImAs(p—p’)=0. (3.4.50)

In the second and third lines, irrelevant energy conserving delta functions have been omitted,
and the imaginary part of A4 vanishes as it is a real function of the Mandelstam invariants
(i.e., s/t), or equivalently as a consequence of the optical theorem.

In other words, the contributions to the classical, weak field limit of (p’, k| 8 |p) which
arise from perturbatively expanding the matching coefficients vanish (which should be
contrasted with the case of the 2-point amplitude), and the only non-trivial contributions
arise from the perturbative expansion of the HPF or the explicit background insertion in
(3.4.47). Collecting these terms requires expanding the WKB exponents, so we now replace
Sp(x) = p-x+ 81(,1) asin (3.3.11), with an additional subscript to keep track of the scattering
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momenta, and keep terms linear in Q. With this, (3.4.47) simplifies to

<p/7k|8 |P> |Q = ieJd4xei(k+P/P)‘X c - (p +p’)(iS
(3.4.51)

in which the dressing factors have been replaced by their zeroth-order expressions, given by
the first term in (3.4.49), allowing the integrals over l and 1’ to be performed.

The position integrals can now be performed as a simple Fourier transform (as taking
the classical and weak field limits removes all non-trivial x-dependence from the exponent).
The Fourier transform of SI(,l) is

S\ (x) = —i Ja%i“ S(p;0),  S(p;0)=eQ 5(%2; Y w , (3.4.52)

where the factor of —i is included for convenience, while the Fourier transform of the back-
ground Coulomb field is

(3.4.53)

With this, (3.4.51) becomes
(', X8 1p) !Q =ie|e-(p+p ) (S(p’; O)—S(p; 0)—e-L (S(p"; 0)+S(p; 0))+2e e-A(0) | , (3.4.54)

in which £ = k + p’ — p is the total momentum transfer. It is now apparent that the leading
classical and weak field limit of our 3-point amplitude is fully determined by the Fourier
transform of the leading WKB phase S(1).

At this point, to obtain the classical, weak field limit of (p’, k|8 |p) we need to work
consistently only to leading order in the classical limit. Recall that the massless momentum
k scales as h times its classical wavenumber, and we also expect the recoil of the massive
scalar probe to be small compared to its own rest mass in the classical limit. We thus write
Py = Pu + qu in which q scales as h to leading order [21]. In terms of these variables

(p' KI8Ip)|q =2ie|e-p (S(p+aq;0) =S(p;0) —e-qS(p; ) +ee-A()| . (3.4.55)

Taking the classical limit of (3.4.55) is then equivalent to extracting the leading term in a
Taylor expansion in which both k and q are of the same small order (i.e., k, ¢ ~ h). When
performing this expansion it is useful to note that, by definition, q? +2p - q = 0 andsop - q
is actually of order h?.

Let us consider this expansion for each of the various terms in (3.4.55) explicitly. The
entire expression is proportional to an overall factor of eQ5(U-{)/|{[2, so we begin by stripping
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this off from each term and then expanding. For instance,

S up h—0 up
€-qS(p;0) xe q(k+q)-p 13 qk-p +0(h), (3.4.56)

where the leading term is h-independent. The expansion of the combination S(p + q; ¢) —

S(p; ) is slightly more subtle:

i N U-(p+q) u-p
S ;) — S(p; ¢ N
(p+q;¢) — S(p; )oc(k+q).(p+q) (k+4q)-p

—u-{ 1 1 }Jr U-q
TP ktq) pta) kt+aq) p) ktq-(pra)

(3.4.57)

Each of the terms in the large brackets here appears to have super-classical (~ h~!) behaviour,
but this cancels between them leaving h-independent leading behaviour:

1 1 1 k-q+q? nso k-q
_ - — +0(h), (3.4.58)
kiq) - (pra) (kiqp kv kp  (k-p? cpz T OM
so that 5 U
~ ~ .q q
S(p+4q;¢) —S(p; ) o U - + —+0(h), 3.4.59

as desired. Here, we imposed that the total recoil k + q is small (to stay within the regime of
validity for the background field approach), which means we only keep the leading term in
1/(k + q)? and, in effect, allows us to use the identity q> + 2k - q = 0 in the numerator. We
are thus working to leading order in p := |q + k|/M, which is the recoil of the heavy particle
in units of its mass; we denote this by ‘LO(p).

Assembling (3.4.56)—(3.4.59), the final result for the leading classical and weak field limit
of the 3-point semiclassical amplitude on a Coulomb field is thus

. A 2ie?
lim (p/, KIS p) [“0) =B (U- (q + k) 2
no0 (k+a) (3.4.60)
€-q E-p e-pU-pk-q
e U+ Ay p— 2 Py.gqo P2 PEE
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This result can now be compared to direct calculations in perturbative scalar QED; the
necessary results are provided in Appendix A.2. Let A5 be the perturbative 5-point amplitude
for photon emission (momentum k) in the scattering of two massive scalar charges (p — p’
and P = MU — P’), stripped of its momentum-conserving delta functions. We find that our
3-point semiclassical photon emission amplitude on the Coulomb background is directly
related to As via

(p',KISIp) |5 = Jim U4t K) 41061, byt q P —q—k k). (34.61)

lim
h—0 h—0 2M 5

This relationship is sufficient to guarantee that our semiclassical amplitude will reproduce
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known classical observables, such as the waveform [98], in the weak field and probe limits. A
further check is provided by the literature: (3.4.60) recovers the extreme mass limit ratio of
e.g. (5.48) in [21], which is itself the leading classical limit of the full five-point amplitude. As
an aside, this demonstrates the commutativity of the probe and classical limits.

3.4.3 The 5-point amplitude and Hamilton’s principal function

If the Hamilton-Jacobi equation is separable, the solution of the radial part is the radial
action of the system, I(r). It is often assumed that the radial action alone is sufficient to
describe a classical two-body system (at least in the probe limit). However, as discussed in
Section 3.3.2, the results here show that it will not hold when, for instance, considering the
classical waveform at infinity.

Working to leading order in the self-force expansion, radiative observables are controlled
by the 3-point amplitude (3.4.47). Investigating even the simplest weak-field limit of this
amplitude, we have now seen in (3.4.54) and (3.4.61) that it is determined by the Fourier
transform of the leading order HPF S(1) (x), which comprises both the radial action and
non-trivial angular dependence, as is evident from the explicit position-space representation
(3.3.11). Had we not used the full HPE but only the radial action, we would not have recovered
the correct 5-point amplitude.

This is perhaps the simplest counterexample to the claim that the radial action controls
all dynamics of a point particle on a (spherically symmetric) background.

We conclude this section by rewriting the result (3.4.61) in a manner which echoes the
known relation between the radial action and the perturbative 4-point amplitude. Inspecting
(3.4.60), we observe that it can be written as

. 2ie2Q [e- ¢ £ p e-pU-pk-{
(P, KISIP) |2 =8(U- ) =5 tp Py Cpz | 8462

lim
h—0
in which { = q + k, we have used q - p = 0 and, for simplicity, chosen the gauge such that
U - ¢ = 0. We have also used the delta function to flip the sign of the second term, because
doing so makes it clear that the entire result can be re-packaged in terms of the Fourier

transform of the HPF (3.4.52):

0(p) ¢ 2ie?Q [e- ¢ U-p

= —2e [s~€§(p;€)+£-pk-apg(p;e)} .

lim
h—=0 (3.4.63)

This Fourier transform can be undone by integrating over {, keeping in mind that the polar-
isation vectors depend on k = { — q — —idx — q. We could either express the inverse Fourier
transform of (3.4.63) in terms of ¢ := ¢(—idx — q) or, since we have fixed the gauge, simply

strip the polarisation vectors from both sides of (3.4.63) before performing the transform. In
LO(p)

this case we find, expressing the classical limit of (p’, k| S |p) |62 Q

interms of A5 = e*As,,
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from (3.4.61),

L ot
T{%Jd‘ize—l“‘x % AP (p, P = p+q,P—,0—q)
_ aSP : v aSP
= 2e h (x) —ipuk opY (x)

Thus, the Fourier transform of the 5-point amplitude is a linear function of the HPF and
its derivatives (with respect to both position and asymptotic momentum). This is highly
reminiscent of the result that the Fourier transform of the 4-point amplitude is the leading
order radial action, but again emphasises that it is the HPF that controls radiation.

3.5 Graviton emission

We now turn to the semiclassical graviton emission amplitude on a Schwarzschild spacetime.
This computation is significantly more complicated than its scalar QED counterpart for two
reasons: firstly, the emitted graviton ‘sees’ the background field (unlike the photon in QED)
so defining the semiclassical graviton wavefunction is non-trivial; and secondly, because
effects due to the event horizon must be accounted for in the fully non-linear black hole
background. At 2-points, the issue of the event horizon could be ignored with the physically
reasonable assumption that elastic scattering occurs at sufficiently large impact parameter,
or equivalently that the 2-point amplitude only receives contributions from the asymptotic
boundary. However, at 3-points and beyond, interactions must be integrated over the whole
spacetime manifold and the event horizon simply cannot be ignored.

In this section, we outline how the semiclassical graviton wavefunction on fully non-
linear Schwarzschild could be determined within our framework, but to circumvent dealing
with horizon effects — and to present a more concrete calculation — we then simplify to a
linearised Schwarzschild background, where the event horizon does not play a role. Even
with this simplification, determining the graviton wavefunction and computing the 3-point
semiclassical emission amplitude is non-trivial, and we confirm that this is controlled by
the HPF of the background. As in the QED case, we show that the classical weak-field limit
of the amplitude on linearised Schwarzschild recovers the classical part of the probe limit
of 5-point scattering between massive scalars with single graviton emission in Minkowski
spacetime.

3.5.1 Semiclassical graviton states

We begin by considering a generic vacuum spacetime background with metric g,,v, and a
linearised metric perturbation h,,, on this background. Define

1
huy = hyy — 5 9nv h®s, (3.5.65)
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and impose the covariant Lorenz gauge
V*hyy =0, (3.5.66)

where all indices are raised and lowered with background metric g and V,, is the Levi-Civita
connection of the background. In this gauge, the linearised Einstein equations governing
the gravitational perturbation become:

VQHLW +2 Rupvc ﬁpc)' =0 ) (3567)

where V2 := g*P V&V, Rupve is the Riemann curvature tensor of the background and we
have used the assumption that the background is vacuum, and hence that its Ricci tensor
vanishes.

There is no h entering this equation: the graviton is a massless wave and so the linearised
Einstein equation is classically exact. However, it is nevertheless useful to make an ansatz for
the graviton wavefunction which is motivated by the desire to have a Fourier basis:

Ry (%) = €y (x) el 50 (3.5.68)
where S is the HPF solving the massless Hamilton-Jacobi equation on the background

LGP Kk

S(x) =k -x 7 log([klr + k- 7) + O(G2). (3.5.69)

Note that the graviton polarization tensor, €, (x), acquires non-trivial spacetime depend-
ence due to its interaction with the background. The choice to factor out the HPF phase is
motivated by the form of known exact graviton wavefunctions in other background fields, for
example plane waves, see [32]. As we will see, the choice is natural: the asymptotic behavior
at spatial infinity of our graviton state contains an accumulated phase similar to that in the
scalar wavefunction. This is completely consistent, since it matches the asymptotic behavior
of a gravitational perturbation around Schwarzschild, and it is equivalent to requiring, as a
boundary condition, a free phase in tortoise coordinates (see, for example, Section 12.2.5

of [63]). In particular, the polarisation tensor becomes equal to the free-field polarisation at
large distance, simplifying our matching conditions.

A straightforward calculation with this ansatz shows that the linearised Einstein equations
and Lorenz gauge condition become

V2E v +1 €y VS +2i04S V¥E iy + 2 Rypvo EP7 =0, (3.5.70)

and
VHEw +1€uy S =0, (3.5.71)

respectively. In particular, this means that with the ansatz (3.5.68), the background-dressed
semiclassical graviton polarization &, is determined by the HPF (and the background

35



geometry) through (3.5.70) and gauge consistency condition (3.5.71)%. Note that if we addi-
tionally impose traceless gauge (i.e., hi; = 0), then h,y = h,y and these are the equations
for the graviton polarization itself.

We make the additional assumption that the dressed polarization admits a weak field
expansion

Ev(X) = v + ) EN(x), (3.5.72)
n=1

with ¢, the on-shell graviton polarization in Minkowski spacetime in transverse traceless
gauge N"Veyuy = 0 = kg €,4) and 8&3 of order G™. Thus, the dressed polarization
tensor can be determined order-by-order by solving the linearised Einstein equation with the
weak field expansion of the HPF itself. For instance, using the weak field expansion (3.3.5) of
the background spacetime metric, (3.5.70) at linear order in G becomes:

(O+2ik-9) &N +ieny (Dsm —ken*P T ") — iK% e To L + 2Rilgyo €97 =0,
(3.5.73)
where all indices are now raised and lowered with the Minkowski metric, and Fély) * and
RSJW are the linearised Christoffel symbols and Riemann curvature tensor, both constructed
from H..
With the specification that we are working with the Schwarzschild metric, for which H,,,
is given by (3.3.9), it follows that we can solve for & le) using a Green’s function:

—il-x
el (x) = 2 Eﬁ(uk“Jd4f { ;

- o
290 k+ie (Hv)““+£v)Hg—Hv)aeﬁ>

—ie JaA‘Ewg(k‘E)
i 2—-20-k+ie
Lo fate o - 0T
3 d€€2—2€~k+ie( 0ty Hoo + v Huo + €oly Hoy — Lol Hyuy ), (3.5.74)

where i e denotes a choice of contour prescription for inverting the differential operator
actingon & Exlv) in (3.5.73) in momentum space. In this expression

- S5(U - . S(U-0) PPk, k
oy — a2 80 gy gmi g MY P (3.5.75)
|¢]2 12¢-x

so it follows that all of the ¢, appearing in (3.5.74) are effectively E}l and purely spatial.
Proceeding in this fashion, one can recursively solve for the dressed polarization order-by-
order in the weak field expansion, similarly to how one constructs the HPF itself. It can be
verified that ELIV) obeys the Lorenz gauge condition (3.5.71) to linear order in the coupling
at leading order in v—!, which is the regime of validity for our approximation, to this order.

80bserve that, as the graviton wavefunction is meant to describe a classical wave, its background-dressed
polarization does not obey the transport equation and the gauge consistency condition of the strict geometric
optics limit (for more on this limit, see [60, 195-197]).
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One can also verify that it satisfies the traceless gauge condition at this order. Additionally,
it is easily seen that lim;_,,, € SJ (x) = 0, reducing the graviton polarization to the free field

polarization at large .

Just as we did with scalar states in Section 3.3, we construct a general graviton wave-
function by taking an on-shell linear combination of the solutions to the linearised Einstein
equations in the form of our ansatz:

My (X) = Jdd)(k) Ay PO (k) Epo(x) el Sk (3.5.76)

where d®(k) is the massless Lorentz-invariant on-shell measure and A, °°(k) are the
tensorial coefficients of the on-shell combination. Although our exposition above of the
linearised Einstein equations (3.5.70) was in Lorenz gauge, this expression for a general
graviton is schematically true in any gauge: the difference with Lorenz gauge will be in the
structure of the PDE determining €. from the HPE

In the fully non-linear Schwarzschild spacetime, the coefficients in (3.5.76) must be
consistent with boundary values of exact solutions to the linearised Einstein equations both
asymptotically (r — oo) and at the event horizon (r — 2GM). The mechanism for doing
this is to consider the linearised Einstein equations with separation of variables; this was
initially done long ago in the Regge-Wheeler gauge, where gravitational perturbations are
governed by simple 1-dimensional radial Schrédinger equations with different potentials
depending on whether they are of axial or polar type [144, 146, 148, 198]. This is still the case
in Lorenz gauge [199], where the radial part of the perturbation is controlled by a generalized
Regge-Wheeler-Zerilli equation. The presence of dissipative horizon dynamics (such as
quasinormal modes) would then correspond to allowing the HPF to become complex, with
corresponding damped, non-oscillatory behaviour at the event horizon. Matching at the
event horizon must also be taken into account for the scalar wavefunctions — defined in
Section 3.3 only through a matching at infinity — governed by the behaviour of the radial
scalar wavefunctions of the Klein-Gordon equation in the Schwarzschild metric near the
horizon (cf., [200-202]).

While it would be extremely interesting to understand how the matching at infinity and
event horizon is implemented in the fully non-linear setting, doing so explicitly is beyond
the scope of this chapter. To give a precise example of the general semiclassical graviton
wavefunction (3.5.76), we focus on the case of the linearised Schwarzschild metric. In this
case, the expansion of the dressed polarization tensor truncates with & 8\1 given by (3.5.74).
In the linearised metric, there is no event horizon and the only matching condition is at
infinity, as r — co. However, we have already seen that the dressed polarisation reduces to
the free field polarization ¢, as r — oco. Combined with the asymptotic behaviour of the
pure HPF phase part in (3.5.76), the matching coefficients automatically reduce to those of a
massless scalar:

AKLPO (K = —2i8? 89 8(/k|— [k’ (1K), k), (3.5.77)

lin. Schw.

where %' (|K|, k) is the massless (i.e., m = 0) scalar elastic scattering amplitude on Schwarz-
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schild.

In other words, the general wavefunction for a graviton of momentum k in the linearised
Schwarzschild metric is given by

M v (%) = —i Ele2Q1 (KL, 1) €y (x) el Stx) (3.5.78)

10=k0’

where all 4-momenta appearing in this expression are null and €, is implicitly on-shell
with respect to 1.

3.5.2 Semiclassical graviton emission amplitude

Once again following the perturbiner prescription for tree-level scattering amplitudes, the 3-
point amplitude for graviton emission from a massive complex scalar in a curved background
spacetime is given by the tri-linear terms in the gravitationally coupled scalar action®:

—. —. m2 —
K Jd4x V—lglhy |20 9H 0V — MY (amg“,t 0%y — 5 OREH ¢gl>] . (3.5.79)

where k = v/8nG is the gravitational coupling constant, all indices are raised and lowered with
the background metric g,,» and |g| is its determinant. For the fully non-linear Schwarzschild
black hole, we can only give a schematic refinement of this expression, with semiclassical
wavefunctions

Il = [dD() AP() e 'St

J 10=p0 ’
GOt = | do(1) AP (1) el S o (3.5.80)
t / k / iS,,
Ny = J A (k) A, P (k) Epo €™ (k/)0=KO’

where the graviton wavefunction and dressed polarization are defined in Regge-Wheeler
gauge and the scalar and tensorial matching coefficients are determined by agreement with
exact solutions to the Klein-Gordon and Regge-Wheeler-Zerilli equations, respectively, at
the event horizon and asymptotically. We re-emphasize that we have certainly not described
this matching at any sort of technical level. With this in mind, the semiclassical graviton

We work throughout with a minimally coupled scalar field. Relaxing this assumption would amount to
modeling finite size effects for the object moving in the background, as is customary in an EFT language. While
this does not play a role at the level of the discussion in this chapter, we expect it to be necessary at higher orders
to ensure finite self-force corrections to scattering observables. This is because the notion of a point particle is
not assumed but derived when considering the self-force approximation. For an example of where divergences
might arise, see [122].
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emission amplitude is given schematically by:

!

(p' KIS Ip) = —«k J‘ (ﬂx\ﬂ%gJd@ﬂ)d@ﬂﬂd@ﬂd)APﬂ)AP(V)AhV“WkUEQG

RL3\B(rs)

) 10:p0

2 .
X [26“81, VS, —gH (asv - 0S1 + m)} el Sk HSu=5t ., (3.5.81)

2 (1)0=(p")°, (1/)0=Kk"

where the region of integration over spacetime is the exterior (r > rs = 2GM) of the black
hole.

For the case of the linearised Schwarzschild background, we can be significantly more
explicit. By working in the traceless Lorenz gauge, only the first term in the integrand of
(3.5.79) survives, there is a well-defined S-matrix and the only matching conditions are at
infinity, simplifying the structure of the outgoing graviton wavefunction (3.5.78). This leads
to the semiclassical graviton emission amplitude

(b’ K Slp) = —2 Kjd‘*xdcbm Ao (V) dd (k') /—Igl AP AP’ (1) AX(K')

) 10:p0
% 8 aus /avs I(Sk/JrSl/*Sl) 3582
wv 0¥S107S1e o=, (oo 5582)

where g, is now the linearised Schwarzschild metric in the spherical coordinates of (3.3.9)
and the HPFs are defined with respect to this metric.

3.5.3 The classical and weak field limits

To check the classical, weak field limit of the semiclassical graviton emission amplitude,
it suffices to start with the answer (3.5.82) on linearised Schwarzschild. As in the photon
emission calculation, it is convenient to divide contributions to this limit into those coming
from the matching coefficients — or equivalently, elastic amplitudes — and everything else.
In (3.5.82), there are three such matching coefficients: one for each incoming/outgoing
scalar and one for the emitted graviton. It is easy to see that the contributions coming from
perturbatively expanding each of these in turn to linear order in G will be proportional to
on-shell 3-point momentum conservation, so all such contributions vanish for exactly the
same reason as in the QED calculation

Thus, the only contributions to the classical, weak field limit of (p’, k| 8 |p) come by taking
powers of G from the HPE the dressed polarization, or explicit insertions of the background
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metric. A straightforward calculation shows that

P KISIp) s = —2x |euv P*PY (S(kik+q) + S(p+ q;k+q) — S(p;k + q))
— e PP Y (S(pik+a) +S(p + qsk+ ) + EN (K + q)p* (p + q)”

1- 5 N
+ gHg(kJr @ epv PPy —HY (k+q)epvpY (P+q)o —HY (k4 q) epv PH Po|

(3.5.83)

withp}, = p,+q, and the Fourier transformed quantities are defined by (3.5.75) and (3.5.74).
To take the classical limit of this expression, we expand all quantities to leading order in the
h — 0 limit, keeping in mind that massless momenta k,,, q,, scale linearly with h in this limit.
Furthermore, as in Section 3.4, we impose that the total recoil k + ¢ is small, and exploit
identities such as q? + 2p - q = 0, which tell us that p - q scales like h? in the classical limit.
The result is

. L0(p) _ 2 64 M? (k-p)? k-pp-Uu
%L)Hl()(p/,k|5\p>|'<3 =8(U-(q+k) ——— €euv uHuVT—zquvi2

(q+k)?2 a
(o ) (v v o)
(e uau T
(e T )] e

for the classical weak field limit of the semiclassical graviton emission amplitude.

This can now be compared against the perturbative 5-point amplitude for two scalars
of masses M > m to scatter and emit a single graviton in Minkowski spacetime [203]. Let
As denote this tree-level amplitude, stripped of its overall momentum conserving delta
functions. By comparing with the analysis of this amplitude in Appendix A.2, we find the
relationship

lim, o AP p P 5 p+q,P—q—k k), (3.5.85)

lim

h—0
between the classical weak field limit of our semiclassical 3-point amplitude in Schwarzschild
and the classical, probe limit of the perturbative 5-point amplitude in Minkowski spacetime.
Once again, this demonstrates that the semiclassical amplitude will recover known classical
observables in the weak field and probe limits.

As the Coulomb electromagnetic field and the Schwarzschild metric are related by clas-

sical double copy [204], one may be tempted to look for a double copy relationship between
our graviton (3.5.82) and photon (3.4.47) emission amplitudes on those respective back-
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grounds. However, at this stage we have only superficial comments to make in this direction.
Firstly, there is a fairly obvious ‘double copy’ relationship between the first-order HPFs,
replacing electromagnetic charge with a second copy of probe momentum and tensorial
structure corresponding to subtracting the dilaton. Secondly, as the perturbative limits of
both emission amplitudes correspond to the probe limits of the corresponding 5-point per-
turbative amplitudes, the known double copy relationship [203] between those amplitudes
is similarly recovered in the perturbative limit.

It would, of course, be interesting to explore a more enlightening notion of double copy
between the emission amplitudes that fully manifests the non-perturbative nature of the
backgrounds.

3.6 Conclusions

Scattering amplitudes serve as the natural building blocks for studies of the two-body prob-
lem in general relativity. When defined in a Minkowski vacuum, they provide the integrands
necessary to extract classical observables within the perturbative Post-Minkowskian (PM)
approximation [21]. On a generic background, they define the on-shell integrands for per-
turbative self-force corrections to observables of scattering orbits [2, 205], as will be shown
in the next chapter. The relevance of this perturbative scheme for the two-body problem is
twofold.

First, and practically, while ground-based observatories continue to generate waveform
templates by combining information from post-Newtonian calculations and numerical
relativity in the strong field regime, this approach will no longer be suitable for extreme
mass ratio inspiral waveforms, such as those accessible to eLISA'. This motivates efforts to
explore the self-force expansion using modern tools such as those coming from quantum
field theory (QFT), where on-shell data defines the scattering problem. Secondly, on a
conceptual level, this approach offers an intriguing way to inform other perturbative schemes,
such as PM calculations. For instance, Damour demonstrated that the calculation of the
gravitational scattering angle at the first self-force order determines the complete two-body
potential through 4PM (i.e., order G%) to all orders in the mass ratio [208], providing a
concrete motivation for investigating these calculations using scattering amplitudes. This
perspective opens up, in particular, possibilities to understand perturbation schemes that do
not rely on weak field assumptions, using only perturbative amplitudes in vacuum and their
resummation. This, in turn, would offer potential applications of powerful methods like the
double copy, generalized unitarity, and BCFW recursion relations in a strong field regime.

In this chapter, we have already seen a few examples of this. The main results concerning
the semiclassical 2-point (3.3.38) and 3-point amplitudes on Coulomb (3.4.47) and Schwarz-
schild (3.5.82) demonstrate that these on-shell quantities encode the expected weak field
probe limit dynamics for the radiative sector of classical scattering. Understanding these
quantities at the perturbative level solely in terms of on-shell data has allowed us to revisit the
entire scattering amplitude defined on the background as a resummation of amplitudes in

1%For more details, see [206], Chapter I1.2 of [207] and section 1.2 of [120]
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vacuum. This perspective reveals known relations, such as the connection between the radial
action and the 4-point amplitude in vacuum [83, 151]. However, for the 5-point amplitude
in vacuum, the structure is more intricate. We have found that it receives contributions
not only from the radial action but also from the angular part of the Hamilton’s principal
function. This implies that even the simplest amplitude with emission on a background
carries significant information that is not available in the radial action alone.

Looking to the future, it would be interesting to explore the extraction of classical ob-
servables from the background field amplitudes that we have considered. Their use can be
made systematic following the methods in the following chapter, and by a proper counting
of the matrix elements on the background in powers of the mass ratio. For example, the first
deviation from geodesic motion will appear in the form of radiation emitted by a particle
moving on the background. This would result in a formula for the total power emitted, which
would in turn generate a correction to geodesic motion due to momentum balance. This
correction will depend on the mass of the particle. At leading order, the formula for the
radiated momentum can be expressed as on-shell integral over a wavepacket ¢(p) - sharply
localized to ensure a well defined classical limit - and the impact parameter b as:

K = ZJdCD(p,p’,l,k) b(p) (p) e P PPN (/ST IL KM (LK S Ip) k. (3.6.86)
n

Here, the sum is over the helicity of the emitted photon or graviton and the h — 0 limit of
the entire expression of the right-hand-side is implicit.

To perform all of the integrals in this expression using our results, a combination of six
eikonal-type integrals would be necessary, along with additional contributions. Although we
have not considered classical observables in this chapter, our approach offers an alternat-
ive method to address self-force corrections to geodesic motion, solely based on on-shell
data. By contrast, the standard approach to first-order in self-force corrections relies on
the ‘MiSaTaQuWa equations’ [209,210]'!. Results for radiative observables obtained in this
way (such as the radiated momentum or waveform) could be cross-checked against results
found by numerically solving the Regge-Wheeler-Zerilli equations [212,213]. It would also
be interesting to contrast the derivation of similar classical observables, which incorporate
contributions of all orders in the coupling, with a conjecture presented in [99] regarding
the final semiclassical state in a two-body scattering scenario involving radiation. When
one of the objects has a significantly larger mass than the other, it would effectively act as a
background as in our calculation. Finally, it would be interesting to extend our results with
radiation to a Kerr background, motivated by the possibility of describing exact geodesic
motion with perturbative methods [214,215]. We hope to explore this in future work.

UFor a perturbative treatment of the latter, see [211]. In this case, real and imaginary parts of loop amplitudes
in vacuum play relevant but different roles in the radiative physics.
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Chapter 4

Waveforms from Scattering
Amplitudes on Strong Backgrounds

4.1 Introduction

The observation of gravitational waves has brought renewed importance to the study of
general relativity and its observables. Surprisingly, scattering amplitudes — one of the key
outputs of quantum field theory — are providing a new way to study classical general relativity;
for reviews see [93-95]. A key tool in this program has been the development of a formalism to
systematise the extraction of classical physical observables from scattering amplitudes [21].
So far, all observables computed with this approach are valid for weak fields only: they
are obtained from amplitudes at finite PM order, so truncated at a corresponding fixed
order in the coupling [96-99, 216-223]. This is in sharp contrast with other approaches to
gravitational dynamics such as the self-force paradigm [20, 100, 102,104, 121, 224], where
perturbation theory is implemented around a curved background and the weak field limit is
not considered.

To address this gap, the amplitudes-based approach can be generalised to curved back-
grounds by means of strong field scattering amplitudes and their classical limits [205]. This
provides an alternative route to the computation of classical observables, as strong field
amplitudes encode a substantial amount of information about higher-order processes [138,
156-159,225-227] and finite size effects [228-230] in trivial backgrounds, and can also admit
remarkably compact formulae [231-233]. A key aspect is that even first order perturbation
theory around a curved background — which we refer to as ‘first post-background’, or 1PB,
order — encodes infinitely many orders of the PM expansion. This is analogous to the re-
lation between the PM and post-Newtonian (PN) expansions for bound orbits, where a
fixed contribution of the former encodes infinitely many orders of the latter due to the virial
theorem.

Here we show how classical observables encoding all-order results can be extracted from
scattering amplitudes. We derive expressions for the gravitational waveform emitted by a
point particle scattering on a gravitational plane wave background (an exact solution to the
nonlinear Einstein equations), encoding all-order contributions in the PM expansion when
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the flat spacetime limit is taken, as well as tail effects which usually enter at high order in the
PM approximation. These plane waves are not just good models of gravitational waves, but
also provide a local description of any spacetime in the neighbourhood of a null geodesic [22].
We also perform an analogous calculation of, and compare with, electromagnetic waveforms
for charged particles scattering on electromagnetic plane waves (which does not seem to
appear in the literature, despite a long history of related studies [15, 193, 194, 234]), which
sheds new light on the interface between QED and gravitational observables [134, 235-237].

4.1.1 Waveforms from amplitudes on curved backgrounds

Asymptotic waveforms. Let [¥) be a superposition of massive particle states describing a
free particle of mass m as in [205]:

) = [d0(p) opl e ) (4.1.1)

such that (Y[¥) = 1, where d®(p) := a4p O(po) ZAS(p2 — m?2) is the Lorentz-invariant on-shell
measure, while 5(x) := 275(x) and dx := g—;‘[ throughout. The impact parameter b specifies
the origin of the frame of reference of the initial state. The wavepacket ¢(p) is a square-
integrable function with a well-defined classical limit on these backgrounds (cf., [21])}. This
state is evolved on an electromagnetic or gravitational plane wave background, in the latter
case a solution to the fully non-linear Einstein equations. In terms of the S-matrix § on that

background, the time-evolved state is
SI¥) —Jd®(p)¢(p)eip'b/h8 Ip) . (4.1.2)

We may introduce a completeness relation into (4.1.2) to see that it is fixed in terms of n-point
scattering amplitudes on the curved background

SW) =) JdQ(p,P’,kh--.,kn)d>(1o)eip'b/“
states
x Y LK) (PR kS p) . (4.13)
MNise-Mn

To get to this expression, we assume that the process is not energetic enough to create new
massive particles. The first sum runs over all possible massless states that can be emitted in
this progress, and the second over the quantum numbers (in our case, polarisations) of the
emitted states. Additionally, we use shorthand notation d®(p1,...,pn) = H]T‘:l dO(p;).
Our interest is in the classical gravitational or electromagnetic radiation emitted by
a scalar particle as it scatters on these backgrounds, as measured by an asymptotic ob-

!n flat space, this means that its Compton wavelength 1., the wavepacket spread 1, and the scattering length
d, obey the ‘Goldilocks’ relations 1. < l,, < v/—d?. However, in plane wave backgrounds it makes more sense
to use the approach from [98], where the Goldilock’s relation is with respect to a characteristic wavelength A of
the background 1, < 1,, < A.
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server at future null infinity. This observable is encoded in the classical limit of (Og(x)) :=
(Y| STOQ(X)S [¥) in which Oy (x) represents the field strength F(x) or curvature tensor
Ru~vop(x) at future null infinity, and where i denotes a number of indices appropriate to the
radiated field. In terms of creation and annihilation operators a:H (k) and a, (k) for a state of

helicity n, these operators have the schematic form

On(x) = Jdd)(k) e tex/h Cg(k) an (k) +c.c., (4.1.4)

where CE( ) is a placeholder for the polarisation content of the field, and a sum over helicities
1 is implied. Now, with coordinates x* = (t, x), future null infinity corresponds to r = x| —
oo while u = t — ris held constant. The mode expansion then becomes, to leading order in
1/r[98],

ih?

Oulx) =— 47rrJ dw e tou Cn( ) an (k) +c.c. (4.1.5)

k=hwx
in which we define the null vector x* = (1, %) and w is a classical (h-independent) frequency;
this parametrisation will be useful later when we take the classical limit.

Following [98], the waveform W/ (u,X) is defined simply as the (expectation value of)
the coefficient of this leading 1/r term. It is a function of u and the two angular degrees of
freedom encoded in X*. So for the Maxwell and Riemann tensors, respectively, we have

(Fus(x)) = TWin (00 4007 2), (Ruvop()) = TWavop(w,0) + O(r 2) . (4.16)

The amplitudes contributing to the waveform are easily identified from inserting (4.1.3)
into the expectation value; the leading contribution is at 1PB, meaning order e (k) in QED
(gravity) but all orders in the background fields, and comes from interference between
tree-level 2-point and 3-point amplitudes since

<‘P|5Tan(k)8|‘1’>:JdCD(p’)(‘PISTIp/)Uee( K8 IW) e+ - (4.1.7)

It is easy to show that this combination of amplitudes reproduces the radiation emitted due
to geodesic motion, i.e. the first contribution of self-force effects [104].

We stress that, unlike in vacuum, two-point amplitudes on backgrounds are not trivial
even at tree-level, encoding e.g. memory effects [205]. Suppressing the ‘tree’ subscript from
here on we arrive at, in QED

S

Wi () = 5 [dwe @t e, [d00p) (11T (IS | +ec (118)
0

T k=hwx
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where ¢}] = ¢l (k) is the photon polarisation, while in gravity

o0

Jaw e M ke Tkige ! J do(p) (8T Ip’) (p’, kK" S W) +c.c..
k=hwx

iK
\%\% u,x) =
},wcrp( ) th%

0
(4.1.9)

Weak memory. Plane wave backgrounds, as introduced in chapter 2, naturally carry a
notion of ‘ velocity memory’. In electromagnetism this is encoded by a, ; asdefinedin(2.1.5),
whilst in gravity it's given by the functional form of the vielbeine E¢(x~) = b}, + c¢ix ™, as
defined in (2.1.22). By inspecting the form of the dressed momenta, (2.1.10) and (2.1.29), on
both of these backgrounds, it’s possible to see explicitly how these terms shift the asymptotic
momenta of the particles after crossing the background.

This memory effect is encoded in the tree-level 2-point amplitude, which is a boundary
term of the classical action (see [138] for a recent review). In electromagnetism, this is given
by

(p'I8lp) =2p+ 8% | (p/ —p + eax)e*r/ ™, (4.1.10)
X 2A2 -9 J_A

& :=J " dss-LEALLS) —2epTAL(s) (4.1.11)
Xi ds 2P+

From this we can see that taking a,, — 0, the 2-point amplitude is

(p'I8Ip) —2p. 8% | (p' —p)etr/™ (4.1.12)

Note that this remains different to the flat-space amplitude, as there is still no localisation in
the x~ component of the momentum. Importantly, this encodes the position memory effect
felt by the particle after passing through the plane wave.

A similar calculation of the two-point in gravity gives the result

(p'I81Ip) =2p4 3(p) —p+ ) F(P'L,PL,P+), (4.1.13)
21 ipipj J’Xf d
Fip' ,pL, = exp | — ) dss—vyY(s
(PLsPLsP+) r Vol h pl 2p )y LY (s)
i : B .
X exp {2p+h(pé—mbh)b““(c 1)E(p{,—pjb{,)1- (4.1.14)

Scaling the velocity memory matric ¢}, ~ Acl, taking A — 0 and bl — &}, we see that using
the stationary phase approximation

(p'ISIp) = 2p; 8% (p’ —p)e/™ (4.1.15)

where 7, is the exponent on the first line of (4.1.14). Overall these results mean that the
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tree-level 2-point amplitude relevant for our calculations always collapses to

(p'ISI¥) — deb(p)d)(p) 2p. 83 (p' —p) 0P/ = 0P/ Mg (py (4.1.16)

in the zero memory limit, where 6 is theory-dependent; for our purposes it can be absorbed
into a redefinition of u, but in general it will encode position memory effects on the scattered
scalar [238].

4.2 Electromagnetism

In this section we construct the classical limit of the electromagnetic waveform W, (u, X)
from (4.1.8). Given our assumption of no memory, the only ingredient required is the 3-point
amplitude on an electromagnetic plane wave background, to which we now turn.

Tree-level 3-point amplitude. We require the amplitude for an incoming charged scalar
to emit a photon. Let the incoming momentum be p,, (with p? = m?), the outgoing be P
(also with p’?> = m?) and the emitted photon have null momentum k,, and helicity n. The
amplitude can be calculated by evaluating the cubic part of the action on the appropriate
scattering states in a plane wave background, see e.g. [15] and as shown in Section 2.2.1, in
equation (2.2.40). The result is

(p', KN8¥) = Jd®(p)¢(p) ePO/MEE (p'+k—p)Aslp = p +KY),  (4217)

2ie i (Y
A3(P—>P'+k“)=—1,13/gj eM(k) - P(y) exp [hj dz
Yy —00

k- Plz) 1 , (4.2.18)

p+_k+

where J":fzdy = jy, while y and z are integration variables denoting lightfront times. The
‘dressed’ momentum P, (y) is the classical momentum of the particle in the background,
given in (2.1.10), and recalled here,

2eA(y) -p —e*A%(y)

, (4.2.19)
2p4

Pu(y) =pu—eAuly) +ny

where a,,(y) = 8;;aL (y), obeying P?(y) = m?. Note that only three components of overall
momentum are conserved in (4.2.18), as the background breaks translation symmetry iny.
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Calculation of the waveform. We assemble the waveform (4.1.8) from (4.2.18) and (4.1.16),
which gives the expression

. ie s _ .
Wio () = 22 37 | e@ke ! (a0, p)alpa(ple 770/
n w

(4.2.20)

X Si,J_(P/‘f‘k_P)J
k=hwx

Yy

i ryY .
e(K) - P(y) exp [; J pk+ P(ﬂ

The first step is to perform the sum over photon helicity using the completeness relation in
lightfront gauge

K K
Y eley" = -y + M (4.2.21)
+

Upon inserting this into the waveform all gauge-dependent pieces vanish by anti-symmetry
or generate boundary terms which can be ignored [36], leaving only a contribution from
—1 .. An immediate simplification in the classical limit is that the delta function sets p’ = p,
and thus the wavepacket appears as |¢(p)|?. This means that under the usual assumption that
¢ is sharply peaked around some classical momentum, we can integrate over p, localising
the integrand at the on-shell momentum of the incoming particle, which we continue to
write as p for simplicity. This gives

Wiy (u, %) = — 4:]3 J we WX % P (y), (4.2.22)
+

in which X" (y) is the classical particle orbit, obeying X, (y) = Py.(y)/p.. The frequency
integral can be performed by writing it as a derivative with respect to y and integrating by
parts. This yields a very compact final expression for the classical waveform:

(4.2.23)

d XuPy(y) e p. d XPy

Q) = < 3. £ el
Wy (u,%) = J =% X)) 1 Zh ) = 2n L3P dx %P

27’[y

where the sum runs over all solutions of the delta-function constraint. It can be checked that
this matches the result obtained directly from classical electrodynamics; see Appendix B.1.
We now highlight several properties of the waveform.

4.2.1 Properties of the waveform

First observe that, due to the derivative, the waveform is vanishing in the absence of accel-
eration. Indeed the final integration by parts, performed as part of the evaluation of the
frequency interval, corresponds to removing Coulomb field contributions from the asymp-
totic waveform, i.e. restricting to the radiation field which is of interest [239].

Next, recall from (4.2.19) that the dressed momentum P, hence the orbit X, is quadratic
in the background ea: it follows immediately that the waveform contains terms of all orders
in the background, and hence the coupling e. This is both explicit, due to the presence of P
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Figure 4.1: Two examples of the waveform W/, (u, X) for a particle at rest struck by the wave
ea; = mé&sech?(vx ) and ay = 0, for strength & and frequency v. We work in units where
v = 1. Left: Wj_ as a function of u for various 6. We have fixed {, =2and ¢ = 0. At0 =0
(red/black dashed curve), the waveform is a multiple of the driving field F,,,, as in (4.2.24),
but is very different for larger angles. Right: W1, for various ¢ at fixed scattering angles 6 = 7,
¢ = 0, showing a nonlinear change in the waveform as the strength & of the background
increases.

in the denominator, and implicit, in that one must solve the delta-function constraint. This
requires inverting X - X(y) which will introduce arbitrary non-polynomial dependence on the
coupling. (Even for the simple field choice of an unphysical ‘box’ electric field, solving the
constraint means solving a cubic equation.) In general, there will be multiple solutions to
the constraint, meaning that the waveform at any given u and % is sourced at several points
on the particle orbit.

We examine W,,, by choosing a specific plane wave profile and other kinematic data;
Fig. 4.1 illustrates the rich structure found in the classical waveform for a ‘Sauter pulse’
defined by ea; = mé&sech?(vy~) and as = 0 for strength £ and frequency v. Furthermore,
the all-orders property of the waveform can be made explicit in the case of an impulsive
plane wave, for which all integrals can be performed explicitly; see Section 4.2.2.

For any plane wave profile, we can consider the waveform aligned with the direction of
the background: %,, = v/2n,, (the factor results from conventions). Parameterising ** by
azimuthal and polar angles ¢ and 0, respectively, alignment with the background corresponds
to © = 0. At this collinear point the argument of the delta function is simply u — v/2y, and
thus has a single point of support. Most of the structure in the waveform vanishes due to
contraction or commutation with n,,, and one finds

e Fuv(5)
A pyv2

a result we will contrast with gravity in Sec. 4.3.1. If we consider any other point on the
celestial sphere, the waveform has a far richer structure, though - see again Fig. 4.1.

Wi lg_o = (4.2.24)
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4.2.2 The impulsive case

Here we calculate the waveform for a particularly simple example of an electromagnetic
plane wave, capturing explicitly the dependence on the velocity memory effect. An impulsive
plane wave in electromagnetism has electric fields E | (x7) = E_ 8(x ), for E | constant. We
write a, = 5i;E 1 O(x7) = E,,O(x7). An incoming particle with momentum p,, forx~ < 0 is
kicked by the wave to momentum P, atx~ > 0 where

2¢E-p—e’E-E

(4.2.25)
2n-p

Po=pu—eE +nyu

This is a velocity memory effect on the scalar after passing through the wave. Whilst we

neglected this in the previous, more general discussion, in an impulsive plane wave we

cannot (as the wave turns off without memory). However, the addition of memory does not

impact the final expression for the electrodynamics waveform, which holds for any plane

wave. The waveform is most easily evaluated using (4.2.22) by splitting the dx~ integral into

two parts: x~ 2 0. The remainder of the calculation is trivial, and one finds
€ XuPy X Py

Wi, 0) = 52 8w)| 550 =

(4.2.26)

The waveform manifestly contains terms all orders in the coupling e. It is supported on
the same singularity structure in u as the driving electric field is in x~. The tensor structure
clearly derives directly from standard soft factors for momentum transfer p — P. Neglecting
memory in this case amounts to assuming E,, is parametrically small, in which case one
replaces P — p and the waveform vanishes. For an impulsive background, the waveform is
thus ‘pure memory.’

4.3 Gravity

3-pointamplitude in gravity We now require the tree-level 3-point amplitude for a massive
scalar emitting a graviton, on the gravitational plane wave background. Let the on-shell
incoming/outgoing momentum for the scalar be p,./p,,, but let k,, now label the emitted
graviton momentum. In contrast to QED, all particles are ‘dressed’ in gravity: in scatter-
ing calculations, any particle of asymptotic momentum 1,, and mass m has the dressed
momentum [32,33] (2.1.29)

Lu(y)dy* =1, dy" + (LEL(y ) + Ly oap(y )y®)dy®

2
N A P L. ..
[ o VI e G (y NPy + LEL(y )y |dy, (43.27)
oL, 2, 2

which obeys g*VL,L, = m?2. Note that, in contrast to the dressed momentum (4.2.19) in
QED, the gravitational dressing depends on the perpendicular coordinates y*. The out-
going graviton polarisation also becomes ‘dressed’ by the background, see (2.1.31); it is

50



conveniently expressed in terms of a projector acting on the free polarisation:
ih
SI‘W(k;y) = chp(k;y)agp = [Pup(k;y)Pvg(k;y) — Enunvégégcab (y) egp , (4.3.28)
where P,y (k;y) = guv (y) — 2K (y)ny,)/k, contains the dressed momentum K, (y) of the

graviton. With these ingredients and the simplification of negligible memory, we can write
down the required amplitude [33] (2.2.43):

Az(p = p'+k") = (ks y)PH(y)P"™Y(y), (4.3.29)

_QiKJ exp [iV(y)] en
nd2 )y VIEEW MY

where (4.2.17) still holds, the exponent is

V(y) = , (4.3.30)

l v Pu(Z)Kv(Z)QHV(Z)
hJ'oo dz P+ — ki

and |E(y)| is the zweibein determinant. It can be checked that all contractions between
dressed momenta and polarisations appearing are independent of the transverse coordinates,
even though their constituents are not. Hence the integrand in (4.3.29) is a function of only
y~, and is (trivially) evaluated on the classical particle orbit parametrized by y .

Calculation of the waveform The calculation proceeds as in QED: assemble the wave-
form (4.1.9) from the three-point amplitude (4.3.29) and the two-point amplitude (4.1.16).
Similarly to the electromagnetic case, we can restrict the sum over graviton polarisations to
physical degrees of freedom using the gauge-invariant portion of the completeness relation.
We only need the leading classical behaviour of the 3-point amplitude (4.3.29). Inspecting the
powers h in the amplitude and in the definition of the waveform (4.1.9), it is again clear that
all pre-factors of h are absent, and the classical limit is obtained by setting h = 0 everywhere
else. This again allows the wavepacket to be integrated out, arriving at

elwV(y)

2 [o0)
K ~ .
Wivop(w,8) = < de w? elw%[u&[dj e
T E
5 y VIE(W)]
1 = N
X [ﬂv]yﬂp}s - nv]p}ny5:| PBY®(R,y)Pu(y)Ps(y) +c.c. |

2
(4.3.31)

in which the reduced exponent V is

\_7(9) _ ! J'y dz EQ)Aﬁ +v9(2) (mfcfc + &p'p' —2p'§('> =%x-X(y) (4.3.32)
2p. ) P+ X, P+1] v ’ s

for X(y) the classical particle orbit and ﬁuvgp(i, Y) = Puvop(k,y)li_« evaluated on the
classical orbit. Note that V is independent of w. Now, the trace-like term in (4.3.31) arising
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from the polarisation sum can be simplified by observing that

.02
Ty POV (5, y Paly)Pp(y) = m® + —0° (i Viy) — 0% ()] - (4333)
+

Using the Jacobi identity for determinant derivatives, it can be checked that the term in
brackets is exactly the y~ derivative of the entire integrand in (4.3.31), and hence gives a
boundary term which can be dropped, leaving only the mass term.

It remains to perform the w integral. However, in contrast to QED, the projector P*PY? (%, y)
contains terms with different scaling in w. We highlight this by defining

)

Pyva(X,y)Pop (X, U)P(X(U)Pﬁ (y) — %nvme T (R,y) = 5358%1) (y) 2

Ew) L e T R R

(4.3.34)

such that the integrand scales in the frequency as ~ w?TY — iwT!. Combining the presented

term in (4.3.31) with its complex conjugate and trading explicit w factors for y—-derivatives
gives our final result for the waveform:

Tgp(iay) =

. P - . .
Wievoplu,%) = =5Riukio | 8u—V(y) [D2 T 5 0) - DTy (ky)],  (4339)
Yy

in which the derivative D acts as

_d [ fly)
Df(y) = & (a%ﬁ) . (4.3.36)

Once again, this result can be confirmed by comparison with the calculation in classical
general relativity; see Appendix B.1.

4.3.1 Properties of the waveform

Some insight into the gravitational waveform is provided by observing from (4.3.32) that V is
determined by the OPB classical orbit X" (y) of a particle crossing the plane wave spacetime.
The orbit itself goes like the integral of the transverse metric vy = E(H9/E}), Reinstating
explicit dependence on the gravitational coupling by taking H,p — kHgy, it is clear that the
integral of y¥ will contain terms which are at least linear in k. Since (4.3.35) contains terms
which go like V1, as well as an integral localised in terms of V), it follows that the waveform
will contain terms of all orders in the background and hence in k.

While the non-linearity of general relativity makes it harder to evaluate the waveform
analytically for test plane wave profiles, progress can be made in the impulsive case where
kHab (x7) = 6(x7) kdiag(A, —A). This is demonstrated in Section 4.3.2, along with the res-
ulting waveform which is explicitly all-orders in «A.

The structure of (4.3.35) indicates the presence of tail effects in the gravitational wave-
form. This follows from the fact that the two terms in the waveform descend directly from
those in the polarization tensor (4.3.28). The background dressing of this polarization is
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directly related to the failure of Huygens’ principle for gravitational perturbations in plane
wave spacetimes: initial data localized on a lightcone spreads outside of the lightcone as it
evolves [32,34,45]. These effects are present in both the TY and T! terms of the 1PB waveform,
with the T! contribution being pure tail; by comparison, in the PM expansion of the two-body
problem tail effects only emerge at fourth-order (e.g., [88]).

These tail effects are a consequence of the inherent non-linearity of gravity compared to
electromagnetism, and this leads to another interesting feature of the gravitational wave-
form which is not present in QED. Consider the case, as in (4.2.24), where the direction of
observation X" aligns with the wave direction n*, corresponding to azimuthal angle 6 = 0.
The background metric is not asymptotically flat in this direction, so we approach it with
caution. For any 0 # 0 the gravitational waveform is well-defined, but in the limit & — 0, itis
divergent. To see this, one uses the small-6 expansion of X,,:

1— 1
Xj; = sinO{cos ¢,sinp}~0, X, :\;%)SGNGQ’ )2:4_\%086~

With this, it is simplest to pick components of W, and also to focus on the pure tail term
which contains the deformation tensor ¢. The contribution of this term to W_,_y, is

1. (4337

K2p%§(,§<, Y 0ab(y) 1
Wfafb —mjy 6(u—V(y)) Dm"_’\@ . (4.3.38)

in which the 1/, term generates the divergence (it is easily seen that V and 9_V remain finite
in the limit ® — 0). The divergence reflects the fact that it is not possible to ‘scatter’ gravitons
in the n,, direction, in which the background is not asymptotically flat; the interaction
between the emitted radiation and the background never switches off.

4.3.2 The impulsive case

We again consider the explicit example of an impulsive plane wave, this time in gravity. The
situation in gravity is rather more intricate than for electromagnetism in Section 4.3.2, even
for an impulsive background, and the structures provide an interesting contrast with electro-
dynamics. The impulsive metric is given by taking, in (2.1.12), kHqp (x7) — k8(x " )Hqp with
Hqp now constant (though still symmetric and traceless). We can, without loss of generality,
choose coordinates to diagonalise H,p, = diag(A,—A). In contrast to QED, the memory
effects present in this metric cannot, in general, be directly treated with the expressions in
the text. In order to present the full impulsive result, we compute the relevant amplitudes
directly, using the wavefunctions in [32].

The momentum kick is given by replacing eE, — kp.8iHqacb in (4.2.25), in which b is
the transverse impact parameter (a dependence not present in electrodynamics). From here
there are, as in electrodynamics, two contributions: one from before the impulse (x~ < 0)
and one from after the impulse (x~ > 0). That from x~ > 0 yields a term similar to (4.2.26),
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while that from x~ < 0 is more complicated. One finds

o K PXPP  popP
Wivop (W, %) = A 5'(w) X[HX[(T&P]”&:V}H 5245?3 |: 2P % P :| (43.39)
+ ﬁfc Xig€ e Ooaw we w2, (en(0) - )Qigj(e —k)+cc
47-[ [}‘L [0_ p] v 0 L p e‘_p .C.,

in which the sum of polarisations n is implied, k,, = wX,,, ¢, without argumentis e, (X), {,,
is a null vector with fixed longitudinal component ¢, = k_, and
elbla —OH P/ (2k4 )

F) = = —5.(0) . (4.3.40)

Consider the first line in (4.3.39); the tensor structure is a double copy of the soft factor
structure in electrodynamics, but the singularity is now §’(u) rather than §(u). The second
line of (4.3.39) is, in a sense, ‘pure tail’ and we have not yet found a very compact expression
for the remaining integrals for general X* and u. Nevertheless, the result as presented is
clearly of all orders in k.

Moreover, we can consider a special case which allows a direct, if tedious, calculation
of all terms in the impulsive waveform. First, we choose p, = 0, so that the wave-particle
collision is ‘head on’. Second, we choose the impact parameter as b+ = 0; this has the effect
of turning off memory, since the kicked momentum P collapses back to incoming p. Finally,
we choose a particular point of observation on the celestial sphere, 6 = 7t (antipodal to the
direction in which the background is not asymptotically flat), which sets x,, — \/56;. In this
case, the first line of (4.3.39) vanishes - this is clearly due to the assumption of no memory,
as in QED. The second line remains and simplifies considerably. By performing the angular
integration in ¢, one finds that the remaining integrals are independent of helicity and the
helicity sum can then be performed directly.

From here one writes the w factors as derivatives with respect to u and combines the
presented term in (4.3.39) with its complex conjugate. This gives, writing q = |¢_ ],

3 T daa® T 2
P A dqq A wq
Wivap = K% 5 87,86(—1) (185,85, J Y om2y p2q? de h(m\@) costen)
0 0
(4.3.41)

in which a sum over a € (1, 2) is implied and J; is a Bessel function of the first kind. The
remaining integrals may be evaluated using [240], resulting in

02 (vlog(v+m)> (4.3.42)

K*p.
_ (
Wuvcrp = 77@\/@ 5?}46?0-(*1) a)5g}6$} ou2 vZ_1

p2
for v:i=kAV2—5ul.
m

Thus, unlike the ‘soft’ terms in the first line of (4.3.39), the ‘pure tail’ terms are not localised.
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Taking the derivatives in (4.3.42), one finds that they do include a localised piece at the
origin, proportional to 5(u) like in electrodynamics, rather than &’(u) as in the first line
of (4.3.39). This is not unexpected if the waveform is supported entirely on T': recalling
the discussion around (4.3.34), in Fourier space the contribution from T! carries the same
frequency dependence as electrodynamics.

4.4 Conclusions

In this chapter we have derived the gravitational waveform emitted by a massive particle
when it scatters off a gravitational plane wave background, a solution to the fully non-linear
Einstein equation. Analogous formulae have been presented for the electromagnetic case.
These waveforms are manifestly all-orders in the coupling, and exhibit a rich structure
including tail effects that usually enters to higher order in the PM expansion. Our results
underline the power of using strong field amplitudes to study classical physics [205]. It would
be interesting to go to higher orders in the PB expansion, including higher points and loops.
There is no conceptual obstacle in pushing higher order calculations, and we expect this to
provide access to observables of interest in classical gravity. In this chapter we neglected
the velocity memory effect for generic plane waves: one may wonder how including these
effects in general would change our results. It would also be interesting to consider other
physically interesting strong backgrounds, like black holes using the amplitudes expressions
from the previous chapter, or beams of gravitational radiation.

55



Part 11

In Twistor Space
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Chapter 5

Technical Introduction

In this chapter we introduce formulae for all-multiplicity tree-level scattering amplitudes
in gauge theory and gravity, taking their origins in twistor theory. These formulae will play
an essential role in chapter 6. We start with a gentle introduction of MHV (maximally heli-
city violating) scattering in section 5.1, and then introduce twistor space and formulae for
scattering amplitudes with generic helicity configurations in section 5.2.

5.1 MHV scattering amplitudes

In four spacetime dimensions, gluons and gravitons have only two on-shell polarizations
which can be labeled by helicity. This is a sign corresponding to whether the linearised field
strength of the gluon or graviton is self-dual (positive helicity) or anti-self-dual (negative heli-
city). With this, the tree-level S-matrices of Yang-Mills and general relativity in 4-dimensions
can be graded by the number of negative helicity external particles in the scattering pro-
cess (where all external particles are assumed to be outgoing). Consistency and classical
integrability of the self-dual sectors in these theories ensure that the tree-level amplitudes
with less than two negative helicity particles vanish, so the first non-trivial amplitude in this
helicity grading, known as the maximal helicity violating (MHV) configuration, involves two
negative helicity and arbitrarily many positive helicity external particles.

In general, the n-point, tree-level scattering amplitude with k+2 negative helicity external
particles is called the tree-level N*MHV amplitude, denoted by M, i 1. For gluon scattering,
itis often useful to further decompose the tree-level scattering amplitude into colour-ordered
partial amplitudes. All tree-amplitudes in Yang-Mills theory (with gauge group SU(N), for
instance) can be decomposed as

Mugrr= Y tr(T0 .- T2m) Ay yeialol, (5.1.1)
PESH\Zn

where the sum is over non-cyclic permutations on n labels and T? are generators of the
adjoint representation of the gauge group. All kinematic information is packaged in the
colour-ordered partial amplitude A .11 [p]; knowing this partial amplitude, with the explicit
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colour-dependence stripped off, is equivalent to knowing the full tree-level amplitude.

Remarkably, MHV amplitudes in gauge theory and gravity have simple, compact expres-
sions for arbitrary multiplicity when written in the appropriate variables. In 4-dimensions, a
(complex) momentum k" can be written as a 2 x 2 matrix

1 0 3 1_ 5.2
(k +K & 1k>‘ (5.1.2)

koc(x =

V2 \kt+ik? kO —k?
Null momenta (k? = 0) have the aditional property that this matrix can be factorised k*% =
k* k%, where « = 0,1 and & = 0, 1 are negative and positive chirality SL(2, C) Weyl spinor
indices, respectively. This representation has a redundancy in the rescaling xk — r«, kK —
r~1 & for r any non-vanishing complex number, known as the action of the little group.
External polarisations scale under the action of the little group and this helps constrain the
form of certain amplitudes.

Spinor indices are raised and lowered using the SL.(2, C)-invariant Levi-Civita symbols,
and we adopt the conventions:

KX = e*B K@ , Ko = KP €Box s (5.1.3)

and similarly for dotted indices. These are easily seen to be consistent with the normalisation
e*Pe,p = 8. A tree-level scattering amplitude involving n gluons or gravitons will be a
rational function of the Lorentz-invariant kinematical quantities

(ij) = epa K{ K]ﬁ, [ij] == eBdEf‘ ﬁjﬁ, (5.1.4)
fori,j =1,...,n. For areview of how these methods are useful for amplitude calculations,
see [241].

In these variables, tree-level MHV gluon and graviton scattering amplitudes take a very
simple form. The famous Parke-Taylor formula [4] for MHV gluon scattering is given by

v (ab)*
Anill2---n] = 5t <;ki> 12)23) - (m1)’ (5.1.5)

where gluons a, b have negative helicity. This formula manifests the cyclicity associated with
the colour-ordering (broken only by the choice of the two negative helicity gluons), and
scales under the little group for each gluon with homogeneity appropriate to that gluon’s
helicity.

The Hodges formulae [5] for tree-level MHV graviton scattering is the corresponding
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expression! in general relativity:

n
Mpg =04 <Z ki> (12)8det’(H), (5.1.6)
i=1
where gravitons 1,2 have negative helicity. Here, H is a (n — 2) x (n — 2) matrix whose entries
are .
o ifiAj o
Hij :{ (i) {5 (15)(23) i s 1,) 6{37...,11}, (5.1.7)
Lz aoey =)
while )
det’(H) := I (5.1.8)
S (12)2(19)2(21)2° o

is areduced determinant which is independent of the choice of positive helicity graviton i
on the support of momentum conservation.

5.2 N*MHV scattering and twistor space

Similar compact expressions for gluon and graviton scattering exist beyond the MHV sector.
These are found by writing the S-matrix in terms of a localized integral over the moduli space
of rational, holomorphic maps from the Riemann sphere to twistor space, which we will
introduce below. The degree d of the underlying map is related to the N*MHYV degree of the
corresponding scattering amplitude by d = k + 1.

The twistor space of (complexified) Minkowski space is given by an open subset of 3-
dimensional complex projective space (we follow the notation and conventions of [245]).
Let ZA = (1%, A) be holomorphic, homogeneous coordinates on P3. Twistor space is then

the open subset
PT = {Z" € P?|1apZ" # 0} (5.2.9)

where the (Minkowski) infinity twistor is

0 0
IAg = <0 e‘xﬁ>' (5.2.10)

The condition 1o Z* # 0 then amounts to A, # 0.
The relationship between twistor space PT and spacetime is known as the twistor corres-
pondence. This takes the form of a non-local relation

n% = x*%n (5.2.11)

known as the incidence relations. Here x** is a point on (complexified) Minkowski space

IThere are several earlier explicit formulae for the gravitational MHV amplitude [137,242-244], but none of
them explicitly manifests the permutation invariance of the external gravitons or is as compact as the Hodges
formula.
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identified with the usual coordinates x*" via the Pauli matrices as before

. 1 /(x04x3 x!—ix?
XX
= V2 (xl +ix2 x0—x3 )" (5.2.12)

In effect this means that points in spacetime correspond to complex lines (of degree d = 1)
in PT via the equation (5.2.11). Projectively, this should be considered as a linear embedding
of a Riemann sphere into twistor space. In fact any holomorphic linear embedding of a
Riemann sphere can be put into the form of the incidence relations, and therefore uniquely
related to a spacetime point.

Conversely, fixing a point ZA = (u%,\,) in twistor space, (5.2.11) defines a complex
plane C? c C* of complexified Minkowski space. This 2-plane is totally null: every tangent
vector to it is null and of the form A*A% where A% is free whilst A* is defined by the point ZA.

One of the powers of this non-local construction on twistor space is that fields satisfying
zero-rest-mass (z.r.m.) equations on four-dimensional Minkowski space are in one-to-
one correspondence with cohomology classes on PT. In gauge theory and gravity we can
represent the field strength and curvature in terms of so-called self-dual (SD) and anti-self-
dual (ASD) components corresponding to positive and negative helicity polarisations. The
equations that these components satisfy (|h| = 0 corresponds to scalar fields, |h| = 1 to gauge
theory, |h| = 2 to gravity) are

h>0, 3Py, ..ap, =0, (5.2.13)
h=0, O¢=0. (5.2.14)
h<0,  0%Pdg. ay, =0. (5.2.15)

These z.r.m. fields are related to cohomology classes on twistor space via the Penrose
transform [246, 247]. Explicitly, there is an isomorphism

{helicity h z.r.m. fields on Mc} = H%!(PT, O(2h — 2)). (5.2.16)

The right-hand-side means that we consider (0, 1) forms on PT wi_th projective weight 2h—2.
The cohomology group is then given by such forms that obey 9f = 0 and f # 9g for any
function g.

For example, to represent fields of helicity h with a definite momentum k44 = kyKg @
representatative of the cohomology class we can use is

$12) = | B x—tnjett (5.2.17)
C*

Here the holomorphic delta function in N-dimensions is defined, for some holomorphic
quantity z € CN, by

§N(z) =

! A ) L (5.2.18)
(2mi)N a/=\1 <za> -
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and the integral over the scaling parameter t ensures that each representative has the appro-
priate homogeneity on twistor space.

Returning now from this brief excursion, we remind that N¥MHYV scattering amplitudes
in Yang-Mills and gravity requires us to consider degree d = k + 1 curves on twistor space.
Whilst the incidence relations describe the moduli space of maps of degree 1 from P! to PT,
we will now describe these more generic degree curves. Let 6® = (0%, 1) be holomorphic
homogeneous coordinates on P!, the Riemann sphere. A holomorphic map of degree d from
P! to PT can be parameterized as

al ‘aq

Z7 (o) = o2l . = Up 4y oY, (5.2.19)

where the 4(d + 1) components of Ué\( q) are the moduli of the map. This is a redundant

parameterization, due to the SL(2, C) automorphisms of P! and C* projective rescalings
of the homogeneous coordinates, so the integration measure on the moduli space of such
maps is given by

dad+1y
vol GL(2,C)

Here, the quotient by the (infinite) volume of GL(2,C) = SL(2,C) x C* is understood in the
Faddeev-Popov sense.

dpg == (5.2.20)

The extension of the Parke-Taylor formula to the full tree-level S-matrix of Yang-Mills
theory is known as the Roiban-Spradlin-Volovich-Witten (RSVW) formula [6, 23]. Let g C
{1,...,n} denote the set of d + 1 negative helicity gluons in the N4~'MHV amplitude, and
g ={1,...,n}\ gbeits complement. Denote the Mdbius-invariant inner product between
homogeneous coordinates on P! as

(ij) = epa 0F 07 . (5.2.21)
Define the Vandermonde determinant of the set g on P! by

gl= ] (. (5.2.22)

,]Gg
i<j

This object is homogeneous of degree d in each o; for i € g. Finally, define the quantity

n
D
H G" (5.2.23)
p(i —|— 1)’
1:1
where p € Sy \ Zn,
Do := (0do), (5.2.24)

is the holomorphic 1-form trivializing the canonical bundle of P! and the product in (5.2.23)
is understood cyclically.

With these ingredients, the RSVW formula for the tree-level N4~'MHV gluon amplitude
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is [6,23]

An,alpl = J dya g PTulpl ] [ ai(Z(o)) [ Tb5(2(0y)). (5.2.25)
ieg jeg
Here the {a;(Z)} and {b;(Z)} are, respectively, the positive and negative helicity gluon wave-
functions on twistor space as described in (5.2.16).

By choosing the twistor wavefunctions to represent momentum eigenstates as in (5.2.17),
one can show that in fact all of the integrals in (5.2.25) are localized in terms of the kinematics,
leaving a rational function of those kinematics with support dictated by overall 4-momentum
conservation. Here we recall that for positive and negative helicity gluons respectively these
momentum eigenstates take the form [23,248,249]:

dti <

(ki —ti A)eltilwil
ti

a(2)- |
: (5.2.26)

bi(Z) = J t9dt; 82(i5 — tj A) et 4]

Inserting these wavefunctions into (5.2.25), all moduli integrals for the u* (o) part of
the holomorphic map Z : P! — PT can be done against the exponentials to give delta
functions. Combined with the holomorphic delta functions in each wavefunction, this gives
2(d + 1) + 2n total constraints, with 2(d + 1) + 2n — 4 remaining integrals (accounting for
the GL(2, C) redundancy in the moduli measure). Thus, each remaining integral is localized
by a constraint, leaving 4 additional delta functions; it is straightforward to show that these
correspond precisely to momentum conservation. Furthermore, the integrand of (5.2.25)
after performing the u*(c)-moduli integrals is a rational function of the remaining moduli
as well as the kinematic data. The constraints are similarly rational functions, implying that
the result, after all integrals have been localized against the constraints, is itself a rational
function of the kinematic data, as required for tree-level scattering amplitudes. The moduli
integrals get localised to a set of solutions known as the polarised scattering equations. At
N4~1MHYV, these equations have E(n—3, d— 1) solutions, where E(a, b) denotes the Eulerian
numbers.

More generally, it can be proved that the RSVW formula is a correct representation of
the tree-level S-matrix of Yang-Mills theory using tree-level unitarity arguments based on
the factorization properties of the formula [250-253]. When d = 1, the localization of the
moduli integrals can be done explicitly and the Parke-Taylor amplitude (5.1.5) is recovered
for the MHV sector.

The gravitational version of this story, the Cachazo-Skinner formula, follows similarly,
though it requires introducing several more involved ingredients. External gravitons in the
scattering process are represented on twistor space via the Penrose transform as twistor
wavefunctions

h(Z) € H%Y(PT,0(2)), h(z) € H%Y(PT,0(-6)), (5.2.27)

for positive and negative helicity, respectively. The momentum eigenstate representatives
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for these wavefunctions are

hi(Z)chg 8%(ki —ti A)elti v,
c (5.2.28)

h;(Z)

L* t2 dt; 82 (k5 — t; A) el I

Leth c {1,...,n} be the set of d + 1 negative helicity gravitons in a N4~ !MHV scattering
process, and let h be the complementary set of positive helicity gravitons.
Definea (n —d — 1) x (n — d — 1) matrix H with entries?

Hii—titj([g])\/w, i,jeh,i#],

]1) . (5.2.29)
11—t1D0-1£t] l) Hh IU ieh.
le

)#1

It can be shown that this matrix has corank 1, so it has a natural (generally non-vanishing)
associated reduced determinant

Hi
det/(H) = % H Do—i, (5230)

jehu{i}

foranyi € h. It can be shown that det’(H) is independent of the choice of this i.
Next, define the ‘dual’ (d + 1) x (d + 1) matrix HY

Hj = Wm()i?)(oj» . Ljeh,i#j
(5.2.31)
HY = _<7\(Ui]))(i7.\(01)> ’ ich.

The matrix H also has corank 1, with the natural (generally non-vanishing) reduced de-
terminant

det’(HV) — ‘flk\li:}‘z (5.2.32)

for any i € h. It can be shown that not only is det’(H") independent of this choice of i € h,
but it is actually independent of all the marked points {o1, ..., 0on} [8]. In particular, this
reduced determinant is equal to the resultant (cf., [255]) of the A, (o) components of the
holomorphic map Z : P! — PT [256]. This gives det’(H") an algebro-geometric meaning in
its own right; among other properties, it ensures that det’(H"') vanishes whenever Ay (0) = 0

2In general, the diagonal entries of H are deﬁned in terms of an arbitrary choice of section s(c) of O(d + 1) —
P! [24,28]. Here, we make the simple choice s(c) = [, <i(0'1); while the amplitude itself is invariant for different
choices, our later calculations in chapter 6 of the integral kernel will change. This is not surprising, since double
copy representations (such as colour-kinematic numerators) are generically gauge-dependent [254].
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- the case when the holomorphic map Z lands outside of twistor space.
With these ingredients in place, the Cachazo-Skinner formula for the tree-level scattering
amplitudes of general relativity is:

Mg = Jdpd IBf® det’(H) det’(HV> [Tri(zto) T h(2(03)). (5.2.33)
ich jeh

As with the RSVW formula, when evaluated on the momentum eigenstates (5.2.28) all of the
integrals in this expression are localized against delta function constraints, with four remain-
ing delta functions imposing momentum conservation. The formula is a rational function of
the kinematic data and can be shown to exhibit the correct factorization properties [28,253],
thereby establishing that it is a representation of the tree-level S-matrix of general relativity.
Furthermore, when d = 1 it is simple to show that the Cachazo-Skinner formula reduces to
the Hodges formula (5.1.6) for the graviton MHV amplitude.

It should be noted that both the RSVW and Cachazo-Skinner formulae can be obtained
as correlation functions in twistor string theories: chiral 2d CFTs governing holomorphic
maps from a closed Riemann surface to twistor space. This connection was first suggested
long ago by Nair [27], who observed that the Parke-Taylor formula could arise in this way,
and generalized to the full tree-level S-matrix of Yang-Mills theory by Witten [6] and others [7,
257,258]. A twistor string theory for gravity was later discovered by Skinner [8]. For the
considerations in the remainder of this thesis, we will however not need to exploit any
underlying twistor string description of the amplitudes.
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Chapter 6

The Double Copy in Twistor Space

6.1 Introduction

The double copy is a relation between scattering amplitudes in gravitational and non-
gravitational quantum field theories (QFTs), which has been the subject of more than 38
years of active study (see [29,259-262] for reviews). The original incarnation, due to Kawai-
Lewellen-Tye (KLT) [263], expresses closed string amplitudes as a product of two open string
amplitudes, multiplied via a kinematic object now known as the KLT or momentum kernel.
The field theory limit of this statement gives a powerful relation between tree amplitudes in
general relativity and Yang-Mills:

MF= Y AMI20m] Syl AM2B 1], (6.1.1)

‘X’Besnf'&

where M&R is the n-point tree-level graviton amplitude and AYM[120n] is the n-point tree-
level, colour-ordered partial amplitude for gluon scattering in colour ordering 12an. The
sum is over the set of orderings o, 3 € S;,_3, each of size (n — 3)!, and S, [«|B] is the KLT
kernel, a polynomial of degree n — 3 in 2-particle Mandelstam invariants whose form is
known explicitly for arbitrary n [264-267]. KLT kernels linking a remarkable array of other
QFTs and string theories at tree-level have also been constructed [268, 269].

The double copy has been extended to loop-level via the notion of colour-kinematics
duality [254,270,271], where the complexity of gravity amplitudes is traded for the simplicity
of gluon amplitudes whose kinematic numerators are in a suitable representation. At tree-
level, the existence of this colour-kinematic representation is in one-to-one correspondence
with the KLT kernel [264, 272-275], and it has been shown to exist (or with some modi-
fications) for 4-point scattering with maximal supersymmetry through 5-loops [276, 277].
The existence of a corresponding KLT kernel beyond tree-level is less clear, although there
has been substantial progress in the study of closely related string monodromy relations
at higher genus [278-286]. Moreover, the double copy toolkit has recently been applied to
precision-frontier calculations in the gravitational 2-body problem; the most recent example
at writing is the calculation of the scattering angle between two supersymmetric black holes
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to fifth-order in the Post-Minkowski expansion and first-order in the self-force expansion of
N = 8 supergravity [287].

Yet despite these myriad advances, there are still some surprising gaps in our understand-
ing of double copy. For instance, it is not known how to explicitly double copy some of the
most famous scattering amplitude formulae, which are written in a helicity graded represent-
ation for the external states. In this chapter, we establish a new double copy description of
tree-level scattering using helicity graded representations of gluon and graviton amplitudes.

Indeed, the study of scattering amplitudes in four-dimensions has enjoyed a parallel set
of advances inspired by the natural organisation of amplitudes into helicity sectors (also
known as R-charge sectors in supersymmetric theories). The simplest non-vanishing tree-
level amplitudes in gauge theory and gravity are those that are maximally helicity violating
(MHV), with two negative helicity and arbitrarily many positive helicity particles!. It is a
remarkable fact that these amplitudes in gauge theory and gravity admit compact, closed-
form expressions at arbitrary multiplicity in the external positive helicity particles, known
as the Parke-Taylor [4] and Hodges formulae [5]?, for MHV gluon and graviton scattering,
respectively.

The incredible simplicity of scattering amplitudes in the MHV sector can be explained by
the fact that both Yang-Mills and general relativity admit perturbative expansions around the
self-dual sector in asymptotically flat spacetimes [288-291]. The MHV sectors represent the
first non-trivial term in this perturbative expansion around a classically integrable subsector.
One can then ask if a similar level of simplicity is lurking at all-orders in the expansion around
self-duality at tree-level.

Answering this question involves using twistor theory [292], an algebro-geometric form-
alism which manifests the integrability of the self-dual sector in gauge theory and grav-
ity [25, 26,293]. Indeed, it was noted long ago that the Parke-Taylor formula can be written
in terms of a certain worldsheet correlator in twistor space [27], and Witten extended this
idea to the full tree-level S-matrix of Yang-Mills theory [6]. Here, the tree-level NX\MHV
amplitude, with k + 2 negative helicity and arbitrarily many positive helicity external gluons,
is given by an integral over the moduli space of holomorphic, degree k + 1 maps from the
Riemann sphere to twistor space, which is localised by kinematic constraints. This can be
written in a compact form for arbitrary multiplicity, and is known as the Roiban-Spradlin-
Volovich-Witten (RSVW) formula [23] for the helicity-graded tree-level S-matrix of Yang-Mills
theory. There is also a helicity-graded formula for the tree-level S-matrix of general relativity,
again written as a localised moduli integral over holomorphic rational maps to twistor space,
known as the Cachazo-Skinner formula [24].

While studies of helicity graded all-multiplicity amplitudes and the double copy were
initially closely entangled?, the two paths have since diverged significantly. In particular, there

The conjugate configuration with two positive and arbitrarily many negative helicity particles is known as
MHYV configuration, and is equal to the complex conjugate of the MHV amplitude for Lorentzian-real kinematics.

20ther expressions for the graviton MHV amplitude were known before [137,242-244], but these lack the
manifest permutation invariance in the external gravitons which is manifest in Hodges’ formula.

3Indeed, the first investigations of gravitational MHV scattering were closely tied to a double copy of the
Parke-Taylor formula [242].
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is no obvious imprint of double copy visible in the Hodges formula for gravitational MHV
scattering, or, more generally, in the Cachazo-Skinner formula for the helicity graded tree-
level graviton S-matrix. Of course, on a basic level we know that a double copy relationship
between the RSVW formula and the Cachazo-Skinner formula must exist: the KLT double
copy (6.1.1) preserves the helicity grading. Yet an explicit double copy construction of the
Cachazo-Skinner representation of the graviton amplitudes has remained elusive*. Some
recent progress was made in determining colour-kinematic numerators for the MHV sector
directly from the Hodges formula [295].

In some sense, this opacity is compensated by the clarity of the double copy in the
Cachazo-He-Yuan (CHY) formalism [9-11], where tree-level amplitudes are calculated by
localising integrands on the (n — 3)! solution of the scattering equations, a set of contraints
linking kinematics with the moduli of a punctured Riemann sphere. Here, double copy
is beautifully apparent at the level of the integrands; this representation of double copy
led [11] to the discovery that the matrix inverse of the KLT momentum kernel is equal to the
amplitudes of another quantum field theory - biadjoint scalar (BAS) theory. Mathematically,
this is an extremely non-trivial fact, as a priori this requires the calculation of the inverse of
an (n—3)! x (n—3)! matrix. However, in the CHY formalism, the momentum kernelisa 1l x 1
matrix, with the remaining complexity absorbed by the scattering equations. Since then, the
relation between the momentum kernel and BAS theory has been studied independently of
CHY [268,269,296-301], and proven in [302].

The scattering equations and the degree d maps that underlie N4~ MHV amplitudes are
closely connected. In fact, the moduli integrals in the RSVW or Cachazo-Skinner formulae are
localised onto a subset of size E(n—3, d— 1) (the Eulerian number) of the (n—3)! solutions to
the scattering equations [303-305]. It is thus possible to ‘grade’ the CHY formulae by helicity
to obtain the corresponding N4~ 'MHV amplitudes in gauge theory and gravity. However, this
involves a rather non-trivial basis change at the level of the moduli integrals [306-310] which
obscures the initially obvious double copy structure as well as any link with BAS amplitudes®.

In this chapter we provide the link that connects these two organising principles of
amplitudes: the double copy and helicity grading. Our main results can be summarised as
follows.

Theorem 1: The integrand of the Cachazo-Skinner formula Jﬁlfd is the product of two
colour-ordered RSVW integrands Jff\’/ld [od multiplied via a helicity-graded integral kernel

Sn,aledBl:
IR = Y IMlep)SnalpplwT @] T w @], (6.1.2)
p,wey
57(1)6.(2“7‘172

where Q4,Q,,_4_9 are certain subsets of colour orderings with d! and (n — d — 2)!

4A formula for N¥MHYV graviton scattering was developed by Cachazo-Geyer [294] building on a sort of double
copy from the RSVW formula, but this formula remains a conjecture and has not been shown to be equal to the
Cachazo-Skinner formula.

°In [311], a formula for BAS scattering based on rational maps to twistor space was given, but it involves a
sum over different degrees, meaning that it cannot be the inverse of a KLT kernel which preserves the helicity
grading.
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elements, respectively. This kernel S,, g4, for which we give an explicit formula, is an
object at the level of integrands on twistor space and admits a chiral splitting according
to the helicity configurations of the external particles, as does the basis of colour
orderings.

Theorem 2: The inverse of the helicity-graded integral kernel (viewed as a linear map on
the bases of colour orderings) defines a new formula for all tree-level, colour-ordered
partial amplitudes of BAS theory. Schematically,

n

my[pplwt @] = Jdlld Sy hleplwT @ [T e, (6.1.3)
i=1

where the integral is over the moduli space of maps of degree d from the Riemann
sphere to twistor space, and external kinematics are encoded in the twistor wavefunc-
tions {@;}. Note that this expression for the partial amplitude m,, [pp|w™ @] depends
on the degree of the map only through the form of the colour-orderings.

The derivation of the integral kernel underpinning Theorem 2 rests on a non-trivial
re-writing of the integrand of the Cachazo-Skinner formula using various tools from graph
theory. The integral kernel S,, 4 should be viewed as the KLT kernel in twistor space; indeed,
in the MHV sector (d = 1) where all moduli integrals can be performed explicitly, the resulting
momentum space expression is the well-known KLT momentum kernel. The proof of the new
formula for BAS tree-amplitudes in Theorem 2 is by iteration, using BCFW recursion adapted
to twistor space. The result is remarkable, as the final expression is a scalar amplitude,
independent of helicity.

The graph-theoretic methods utilized here can naturally be adapted to any twistor space
formula which has a similar mathematical structure to the original Cachazo-Skinner formula.
This allows us to find generalizations of the integral kernel on certain curved four-dimensional
spacetimes; namely, anti-de Sitter space [312] and self-dual radiative spacetimes [233]. In
both cases, this leads to tantalizing hints at the possibility of an explicit manifestation of
double copy for scattering in curved spacetimes, although we observe several issues that
prevent us from drawing any definitive conclusions in this regard.

The chapter is structured as follows. Section 6.2 is a review of results in graph theory
that will be used throughout this chapter. Section 6.3 contains the derivation of the helicity-
graded integral kernel. The derivation rests on the graph theoretic properties of the gravity
integrand, and results in a chirally split momentum kernel. The special case of the MHV
configuration is highlighted and reproduces the usual field theory KLT momentum kernel. In
Section 6.4 the twistor space BAS formula is presented and justified. It is then proven using
BCFW recursion techniques. Section 6.5 applies the methods of the previous two sections to
amplitude formulae on non-trivial backgrounds: AdS and self-dual radiative gauge fields
and spacetimes. Finally, Section 6.6 concludes, while Appendices C.1 and C.2 verify expected
physical properties of the BAS formula.

68



/o
X

Figure 6.1: Labelling a point as a ‘root’ gives a unique orientation to an undirected tree graph.

6.2 Review: relevant concepts in graph theory

Many of the key arguments in this chapter make use of results in graph theory. Most of
these are standard results in algebraic combinatorics, but for the sake of completeness (and
those readers unfamiliar with graph theory), we include a review of the necessary concepts
here. Standard textbook references are [313-315], with concise introductions to some of the
relevant theorems in the amplitudes literature to be found in [295,316,317].

A graph G = (V, E) is aset V of vertices, and a set E of edges. Each edge e € E is a pair of
two vertices (v —w) if the graph is undirected, or (v — w) if the graph is directed. The graph is
simple if there is no more than one edge connecting any two vertices, and no edge connects
the same vertex. A tree graph is a connected simple graph without cycles. A spanning tree
of a connected graph G is a connected tree on the same vertices and with the set of edges a
subset of the set of edges of G.

Given an undirected tree graph G on the vertex set V = {1, 2,...,n}, we can fix some
b € V to be the ‘root’ (also sometimes called a ‘sink’) of G. Then one can uniquely assign a
direction to the edges of G so that each vertex i # b has exactly one outgoing edge, and b
only has incoming edges. Thus for a given vertexi # k in G, we may define o(i) € V to be the
vertex connected to i via the outgoing edge. Given an undirected tree graph G and a choice
of root b € V, we denote the directed tree graph arising in this way as G°.

From now on, we will consider graphs inscribed on the Riemann sphere P, so that to
each vertex i € V there is an associated point on P!, written in homogeneous coordinates as

a

03.
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\/ Qgv ={b1234, b1243,

2 1 b2134, b2143, b2314,

\ / b2413, b2341, b2431}

b

Figure 6.2: A tree graph G® and its set of compatible orderings Q guv.

Now, directed tree graphs can be related to orderings on the set of vertices. An ordering
of V is a word that uses each letter v € V exactly once. For an ordering p on V we define the
broken Parke-Taylor factor pt,, [p] in the ring of rational functions on (P')™ as the product

1
ievg(n]} () p(i+1))

where p(i+ 1) is the letter following p(i) in the word, and p(n) is the last element of p. For

example,
1

(12)(23) - (n—1n)’

and in general these broken Parke-Taylor factors are related to their ‘full’ counterparts (5.2.23)

by pt,, [p] = PTwlpl(p(n) p(1)).
It is a simple corollary of a result in [295]° that:

pt, [12---n] = (6.2.5)

Proposition 6.2.1. Let G be a directed tree graph on P! with vertices{1 ...n} and rootb,
and letx € P! be a non-intersecting point. Then:

(xj) (bx)
. — t,, [bp] . 6.2.6
H = 2 plpay (62
i—j o(i)<ppt
where the sum is over all orderings p on{1, ... ,n}\ {b} such that o(i) — the vertex connected to

1 by its unique outgoing edge — precedes i in the word bp for alli # b.

In an intuitive sense, the sum appearing on the right-hand-side of the identity (6.2.6) is
over all orderings on the vertices which are compatible with the directed tree graph G°.

More precisely, define an ordering p on {1, ..., n}\ {b} to be compatible with the directed
tree G? if o(i) <pp iforalliin the tree. The set of all orderings compatible with G will be
denoted by Qv. See Figure 6.2 for an example.

Conversely, we say that a directed tree graph G is compatible with an ordering p if
o(i) <p, iforall vertices i # b of G®. Therefore, to each ordering p, we can associate a set of
compatible directed trees ‘J'})’ that satisfy this relation. See Figure 6.3 for an example. Further,
it will be useful to consider the intersection T5 ., = Tp N TY, of all directed trees that are
simultaneously compatible with the orderings p and w. See Figure 6.4 for an example.

5The proposition in [295] is the case where we fix x = (1, 0), and all other points are of the form ¢2 = (z;, 1).
Similar relations also arise in the study of arrangements of hyperplanes in complex affine spaces [318].
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1 6 4 3

\ \ Y/ \ Y/
3 5 2 5
v \b/

Figure 6.3: The ordering (b532461) is compatible with both of these directed tree graphs
rooted at b. (Note that this is a non-exhaustive list.)

\ \
4 5 6 4 5 4 5
NS \ Y/ \ Y/
3 3 3

Figure 6.4: All tree graphs rooted at 3 which are simultaneously compatible with the orderings
(3456[3546).

We now consider weighted graphs, which are graphs where each edge (i —j) is assigned a
‘weight’ Wwij € C.

Proposition 6.2.2. The following summations are equivalent:

> IT we=11 > wy (6.2.7)

TETT , (i))eT J#6 1<up
1<pw)

Jfor symmetric weights wi; = wj;.

Proof: We proceed by induction. As the base case, consider two vertices b and c, so the only
possible ordering for p and w is the singlet c. In this case, (6.2.7) is simply wy. = wy, which
is true for symmetric weights.

Now, suppose the equality (6.2.7) holds when bp, bw are some orderings on n — 1 letters.
We can now create a new orderings bp™, bw™ on n letters by inserting the new letter n
anywhere after b into either ordering. Without loss of generality, we may assume that n is
the last letter in bp™ (upon relabelling our alphabet appropriately). All compatible directed
trees in “T‘p’+7w+ can now be constructed by joining the n vertex appropriately to trees from
‘J’gw Consider some T € ‘J’g,w. It’s possible to generate a tree with n vertices from T by either
putting n in the middle of an existing edge, or connecting it to a vertex with a single line.
Since n is the last letter in p*, for a compatible tree there can be no (k — n) edge. Therefore
the only possibility is that n has valence one, with one (n — k) edge joining it to T. The new
vertex n can only join onto vertices k such that k <y, n, and so the compatible trees formed
out of T can be labelled by this joining vertex i.
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Each tree in ‘T& o+ 1s described uniquely in this way. In particular, given any T+ €

‘.T}; -+ the corresponding ‘base tree’ T € TEM) is easily identified by removing the n vertex
(which, by the preceding argument, must have valence one), which is uniquely connected to
some other vertex, k. Therefore.

> IT wu= 2 | 22 wen IT wy (6.2.8)

TeTo, . (imj)eT TETE » \Kk<bwm (i—j)eT
= > wim Y I wy (6.2.9)
k<pom TeTs , (i—j)eT
> owkn [T D wy (6.2.10)
k<pwm )#bﬂl :L<bpj
i<bwj
:H Z wij (6.2.11)
i#b i<yot]
i<bw+j
as desired. O

A further key result from graph theory tells us how to sum all of the weights of spanning
tree graphs of G. Suppose G has n vertices, and let wi; € C again denote the weight assigned
to each edge (i —j), with wi; = 0if (i —j) ¢ E. One then constructs the n x n weighted
Laplacian matrix of G, W(G), with the entries

W(G)y = L (k—vee Wik ifi=j, (6.2.12)
) —Wi)' ifi 7& j,

This matrix is degenerate, as the sum of elements in each column and row vanishes, so its
determinant is zero. However, the minor corresponding to removing the row and column
corresponding to vertex b, [W(G)|, is generically non-vanishing.

The following is a classical result in graph theory:

Theorem (Weighted Matrix-Tree Theorem). The minor IW(G)E |, obtained by deleting the
bt row and column of the weighted Laplacian matrix of G is independent of b, and equal to

WEHERED IT w

spamgng G (i—5)€E(T)
(6.2.13)
R IT wy).
TP (i—j)€E(T®)
spanning G

where the first sum is over all spanning trees of G, and the second sum is over all directed
spanning trees of G rooted atb € V(G).
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Figure 6.5: The binary tree corresponding to the complete bracketing [[[1, 2], [3, 4]], 5] of the
leaves L ={1, 2, 3,4, 5}, with root b.

A further refinement of directed tree graphs is the concept of a rooted binary tree. These
are tree graphs, with a choice of root inducing a direction, where each vertex (other than the
root) in the graph has exactly two incoming edges (hence the ‘binary’) and one outgoing edge;
the root itself has only a single incoming edge. As such, rooted binary trees are naturally
labelled by the (semi-ordered) set of leaves L, which encode the (unique) external edge
structure of the graph. By labelling the external edges of the binary tree, the label L can be
encoded using the nested bracket notation, as illustrated in Figure 6.5.

There is a natural notion of weighting which can be associated to a rooted binary tree.
Suppose a rooted binary tree has n — 1 external edges, which we label {1, ... ,n — 1}, and let
E denote the set of internal edges in the rooted binary tree. To any internal edge e € E, we
can assign a weight w, € C. Now, any e € E is uniquely identified with the set I(e) C L of
leaves in the tree which are ‘upstream’ (with respect to the direction of the graph) from e.
Equivalently, I(e) labels the (smaller) rooted binary tree rooted at the endpoint of the edge e.
We can then assign

We = Z Wij (6.2.14)

{i,j1CI(e)

in terms of some symmetric wi; € C. We denote the product of weights for a rooted binary
tree T by

wr = [ we, (6.2.15)
eckt
and the sum of all weights by
Weotal = ) We - (6.2.16)
ecE

The sum w5 can be viewed as the total weight of the rooted binary tree ‘flowing’ into the
root.

Just like tree graphs, binary trees can also be compatible with pairs of orderings on L. A
binary tree T is compatible with the two orderings p, w on L if it is planar with respect to
both. In practice, it is possible to algorithmically construct all binary trees compatible with
two given orderings (cf., [11]). We denote the set of binary trees, rooted at the vertex b, which
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are compatible with both p and w by B‘J‘g,w. There is also a sign associated with each pair of
orderings p, w, given by the number of times the ordering w winds around p (see [296] for
further discussion).

The following result is an easy generalization of one obtained in [302] for a specific class
of weightings associated with cubic Feynman diagrams:

Proposition 6.2.3. Lefp, w be orderings on the letters{2, ... ,n— 1} andwi; = wj; € C. Then

the two maps
Slpllw] = Y I wy. (6.2.17)
TETP, 10 (1—))EE(T)

Tlpllw] = + L > i, (6.2.18)

W. w
total TGB‘JTO » T

on the space of orderings are inverses of each other.

The genesis of this result lies in the close relationship between weighted, rooted binary
trees and the tree-level Feynman diagrams of biadjoint scalar (BAS) theory, a theory of
massless scalars valued in the tensor product of two Lie algebras, interacting cubically via
the structure constants [11,319,320]. The tree-level scattering amplitudes of BAS theory can
be decomposed into doubly-colour-ordered partial amplitudes my, [p|w], and the Feynman
diagrams contributing to such a partial amplitude correspond to the rooted binary trees in
BT, w» Where the root is chosen (without loss of generality) to correspond to the nth external
scalar.

The weights naturally assigned to these trees are simply the Mandelstam invariants
corresponding to the momenta flowing through each internal edge of the Feynman diagram.
In particular, if {k{L }i=1,...n are the massless external momenta for the n-point BAS scattering
process, let

K= kb (6.2.19)
i€l
Then (as discussed above), the edge e in the binary tree is equivalently labeled by some
I(e) C L corresponding to the ‘leaves’ contributing to the edge, and one can make the
assignment

W1 = S1 = Z Sij, Sij = Qki . kj N (6220)
{1,j}CI(e)
so that
2k ky= ) sy (6.2.21)
iel,je]

In this language, Proposition 6.2.3 is the statement of the relation between the tree-level KLT
kernel, encoded by the map S in (6.2.17), and the tree-level partial amplitudes, encoded by

mn[lpn|lwn] = wigta Tpllw], (6.2.22)

with T defined by (6.2.18).
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Figure 6.6: The two binary trees compatible with the orderings (3456/3546), rooted at b. Legs
with arrows are those for which weights are naturally assigned taking contributions from the
total momentum of the subtree it connects. Both of these come with a coefficient —1 from
the winding number.

6.3 Helicity-graded integral kernel

We now use the machinery of graph theory, reviewed in Section 6.2, to re-write the Cachazo-
Skinner formula (5.2.33) introduced in chapter 5 in a fashion that manifests a KLT-like double
copy structure. In particular, the result is expressed in terms of an integral kernel, which
is graded by the helicity configuration and defined as an integrand factor to be integrated
over the moduli space of rational maps from the Riemann sphere to twistor space of the
appropriate degree (fixed by the helicity configuration). The result builds on the colour-
kinematics dual numerators derived for the MHV sector in [295], but extended to identify a
double copy kernel and generalised to all helicity configurations.

6.3.1 Reduced determinants from orderings and directed trees

The key idea is to rewrite the reduced determinants appearing in the Cachazo-Skinner for-
mula, namely det’(H) and det’(H"'), into a form resembling a minor of a weighted Laplacian
matrix’. Then the weighted matrix-tree theorem will enable us to translate the formula
into the language of sums over weighted graphs, where we can apply further results from
Section 6.2.

To begin, consider the matrix H, whose entries are given by (5.2.29). Using the defini-
tion of the reduced determinant (5.2.30) and elementary properties of determinants, it is
straightforward to show that det’(H) can be written as

B 1

/ —_— [

det’(H) = i 1T e [ Do, (6.3.23)
jeh k=1
leh

"The connection with weighted Laplacian matrices has been noted many times before, particularly for the
reduced determinant of H (cf,, [8,16,316,317]).
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where b € his arbitraryand Bisa (n —d — 1) x (n — d — 1) matrix with entries

By =Hy [JAVGY,  ijeh,i#j,
leh
~Y By, ich. (6.3.24)
jeh
JAL

In particular, B has the form of a weighted Laplacian matrix for the simple graph on the set
of vertices h, where the weight corresponding to the edge (i —j), fori,j € h, is

Bij == —tiYy M [Tavan. (6.3.25)

(13) leh

Note that, as required, this is symmetric (i.e., Bjj = Bj3).

By the weighted matrix tree theorem, this means that the reduced determinant of H is

equal to . .
det’(H) = e HW Z I1 By, (6.3.26)

(i—j)
lgh spanmng h

where we have stripped off an overall factor of [ [ ; Do; and the sum is over directed trees
on the set h, with the direction fixed by the (arbitrary) choice of b € h. Now, for each T® — that
is, for each directed tree rooted at b — each vertex i € h \ {b} appears only once as the source
of an edge (i — j), as every vertex other than b has a unique outgoing edge. Consequently, it
follows that

, 1 1 .
det (H):W]_[(k”2 [T tatam) Z 1T ( J)Hm))

keh meh (i—7)
leh ach\{b} spannmg h
1 1 ta 5 ]
= — [ [G1
e H o2 H (am) ( ) ) (6.3.27)
l€h meh (i—3)
aceh\{b} spanmng h
“eller I I (-wog gy
2 + 2 (b1)2 RIGTRS
leh (i—}) leh

spannmg h

Now, pick any two distinct x,y € h; these can be used to trivially re-express the reduced
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determinant as

det’(H) = =

leh\{x,y}

_Bg) _ i)

(i—j) (i—3)

spanmng h

which can now be further processed using Proposition 6.2.1.

In particular, applying (6.2.6) to each of the factors in the second line of (6.3.28), we
arrive at an expression for the reduced determinant in terms of the broken Parke-Taylor
factors (6.2.4):

det’(H) = i

1 e o7 e s () 1)
|2 H (b1)2 Z H —ti tj [1j] (1j) ~H &l
teh spanmng h (i=7) Leh\{x,y}

X Z ptn_d_l[bp] ((bX) Z ptn_d_l[bw] (S))*y)) 5 (6.3.29)
PEQ b, WwEQ Y

where the sums in the second line are over orderings on h \ {b} compatible with the directed,
rooted tree T®, and p*, w* € h \ {b} denote the last elements of the orderings p and w,
respectively. The summations over graphs and compatible orderings can now be swapped to
give
_ (bx) (by)
- - 2

‘h U {b}‘ p,weS(h\{b})

x Y 1T (—titj ii1d5)  J] 83) (6.3.30)

TeTh » (i—j)eE(T leh\{x,y}

det’(H) Ptn_albpx] pt,_4lbwyl

where §(h \ {b}) = S,,_4_2 is the group of permutations on the n — d — 2 letters of h \ {b}.
Note that the summation in the second line is now over directed trees on h rooted at b which
are compatible with the orderings p and w.

A sequence of similar manipulations can also be performed to express the reduced
determinant of HY, with entries (5.2.31), in terms of a sum of orderings and compatible
directed trees. The steps closely follow those we have gone through for det’(H); only the
initial part of the argument - connecting the reduced determinant of H to the determinant
of a weighted Laplacian matrix — differs significantly.

This is primarily because the form of the diagonal entries of HY does not, as stated in
(5.2.31), take the form of a sum, as needed for the general form of a weighted Laplacian
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matrix. However, there is a non-trivial identity® (first proven in a slightly more general form
in [8]) for each i € h:

(Aloi) dA(o1)) _ ¢ (Al9i) Aloy)) (ki)
Doy "2; (ij) II.(kﬂ’
;illl keh\{i,j}

(6.3.31)

which enables us to perform the necessary manipulations. Indeed, using the basic properties
of determinants and the definition (6.3.23) of det’(HY), one finds that

det’(HY) = [ ‘BX“ , (6.3.32)
where BY isa (d + 1) x (d 4+ 1) matrix with entries
BY — _HY 1 I1 L iieh, i
1 1) L (lk L (l ) 9 ) 9 Y
keh\{i} leh\{j} (6 3 33)
By=—) B, iech. o
jeh
2

In particular, BY is a symmetric matrix of corank 1, with the structure of a weighted Laplacian
matrix for the simple graph on the set of vertices h. Note that this matrix carries projective
weight on P!: each entry Bg has homogeneity —2 each oy, for i € h.
At this point, one can apply the weighted matrix tree theorem, Proposition 6.2.1 and a bit
of algebra to arrive at the identity
det/(HV) = as) (@t
‘ﬁ \ {a}‘ 5,0e8(h\{a))

SN § (N CXCHEYCHIISTRN § QR IR CEEY)

_ _ N k
TeTS o (i—j)€E(T) ke (hu{s,t})\{i,j} ])

ptaialaps] ptgolawt]

where s, t € P! are arbitrary points which do not coincidg with the vertices of h, and $(h \
{a}) = S4 is the group of permutations on the d letters of h \ {a}.

6.3.2 The momentum kernel

At this point, the expressions (6.3.30) and (6.3.34) lead to a new representation of the Cachazo-
Skinner formula for the helicity-graded, tree-level graviton S-matrix. A priori, it may seem that
all that we have accomplished at this point is to turn the compact, manifestly permutation-
invariant integrand of (5.2.33) into an unwieldy mess of sums over permutations and com-

8The right-hand side of this identity is actually the form of the diagonal entries for H" originally used in the
formulation of the Cachazo-Skinner formula [24, 28].
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patible tree graphs. However, the utility of this description lies in the fact that the broken
Parke-Taylor factors appearing in (6.3.30) and (6.3.34) can be auspiciously combined.

In particular, note that the points x,y € h appearing in (6.3.30) and s, t € P! appearing
in (6.3.34}) are arbitrarily chosen. So without loss of generality, we can set s = b € h and
x = a € h. Then making use of the definition (6.2.4), it follows that

Ptn_albpal pt,,_glbwyl pty olapbl pty olawt] =
(ab) (w* ®*) PTylapbp] PThlwTabw]

(y w*) (@* t) [~ Do? , (6.3.35)

where w* and @w* denote the final entries in the orderings w and @, respectively.

This enables us to re-write the tree-level N4~ MHV graviton amplitude as

~ b * n* k 2
Maa= Y [dunalit CRHS SIOUIST T R PT apbl
bp,bweS(h) Y kGfl\{a}

_p e e Gy
PT[w" abw] { o ( tity [i] (1)) H (il))]
TeTP o, (i—))EE(T) leh\{a,y}

H ((A(m)x(cm(ij) II P ;) [InI IR, (63.36)
j)EE(T)

ke (hulb, tH\{i,j} ich  jeh

=g~y

where

dpq
dpn g : Hl Doy’ (6.3.37)

and we have abbreviated h; = hy(Z(0})), h]- = h)- (Z(03)). By further manipulating the
summations over tree graphs, this can be equivalently written as

~ o (ab) (w*w*) (b at )2
Maa= Y [dun g ORI OUISOWI TT o PTfapbl
bp,bweS([l) Y ke}m\{b,t}
ap,ames(h) teh\{a,y}

x PTy (0T abw] { Z H (titj [ij] (ij) H (il) (jl))]
T)

TeTb , (i—j)€eE( leh\{a,y}

(Aloi) A(oy))

R L R, (6.3.38)
TOI (M T ) [N
€75 o (i=j)€E(T) ke (hu{b,t})\{i,j} e jeh

At this stage, the advantage of processing the Cachazo-Skinner formula in this way becomes
clear: there is now a double copy structure apparent in the formula. In particular, the
integrand now contains fwo copies of the pl Parke-Taylor factor PT,,, each of which defines
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the integrand of the RSVW formula for the tree-level gluon S-matrix, glued together with an
integral ‘kernel’ and summed over a basis of colour-orderings.

To see this more explicitly, define

by =-tit il (1) ][] GVGY,  ijeh, (6.3.39)
leh\{a,y}

which is weightless in each i,j € h and weight 2in each 1 € h \ {a, y},

(ij) . H (ki) (k5)° L,j€h, (6.3.40)
ke (hu{b,t})\{1,j}

bij =

which carries weight —2 in each k € hu {b, t}, and

. (ab) (w*@*) (by) (at) (yt)? 1
Diw, @] == o) (@ 0] ke}:ll\—{[b,t} Gk (6.3.41)
leh\{a,y}

which has weight +2 in{a, b, t, y~}, weight —2(d — 1) in all elements of h \ {b, t} and weight
—2(n—d — 3) in all elements of h \ {a, y}. Let

Sn.alp, plw, @] := Dlw, @] [ > 11 cbij] > I o], (6342
TeTp o (i5)€E(T) TeTe 5 (i—§)€E(T)
be the integral kernel; this can be viewed as a linear transformation S : $(h\{b}) x 8 (h\{a}) —

S(h\ {b}) x S(ﬁ \ {a}) on the space of orderings.

In terms of this integral kernel, the graviton tree amplitude becomes

Mna= D Jdun,dePTn[apbp}sn,d[p,pm,w]PTn[wTabw]HmHﬂj.
bp,bweS(h) ieh  jeh
ap,a@es8(h)

(6.3.43)

The double copy structure here can be made even more explicit by writing the RSVW formula
for the tree-level N4~ 'MHYV colour-ordered partial amplitude as

An,alpl = Jdud 78 [p] H ai(Z(oy)) Hbi (Z(03)), (6.3.44)
ieg jeg
for the integrand i
98 [p] == [g|* PTnlo] . (6.3.45)
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In particular, the new representation (6.3.43) of the Cachazo-Skinner formula is

Maa= ) Jdun,dﬂh[aabmsn,d[p,mw,a)w‘;[aﬁabw]HmHﬂj, (6.3.46)
bp,bweS(h) i€h  jeh
ap,a@es(h)

which is clearly a double copy of the Yang-Mills integrand, glued together via the integral
kernel.

Indeed, each of 2 [apbp] and I [T abw] can be viewed as a vector in the (n —d —2)! x d!-
dimensional space of orderings S(h \ {b}) x $(h\ {a}). The sum over orderings in (6.3.46)
then simply corresponds to the multiplication of these two vectors via the square matrix S
corresponding to the integral kernel.

It should be noted that this formula is independent of the choices of {a, b, y, t}. While
this is far from obvious from the final expression (6.3.46), we saw that at each stage in the
derivation where these choices were introduced, it was clear that they were entirely arbitrary.

At this point, it is worth comparing the structure of (6.3.46) with the more standard
double copy structure arising from the usual KLT momentum kernel [263]. In particular, the
KLT double copy representation of tree-level graviton scattering amplitudes takes the form

Mua= D Analln—1)nad] S Bl Ay a[1B(n— 1)n], (6.3.47)

o‘vf’esnf?)

where S¥IT[«|B] is the KLT momentum kernel, a rational function of the kinematic invariants
given by [265, 266]

n—2 n—2
SKUT ) = H Sta(i) T Z 0p ((i), x(G)) sx(i)a(j) | (6.3.48)
i—2 j>1

where si; == (ki +k; )? are the Mandelstam invariants and

0 ifx(i) < a(j)in B

Op ((i), a(j)) = { 1 otherwise (6.3.49)

Here, the choice of three external legs, 1, n — 1 and n is arbitrary — any three legs can be
chosen; the point is that the graviton takes the form of a sum over two copies of a basis of
(n — 3)! colour-ordered gluon amplitudes, multiplied together via the KLT kernel. The size
of this basis can be understood as the reduction of the naive number of colour-orderings,
namely n!, to (n — 3)! due to the photon decoupling [321], Kleiss-Kuijff [322, 323] and Bern-
Carassco-Johansson [254] relations.

By contrast, our expression (6.3.46) is a sum over integrals of a basis of (n — d — 2)! x
d! colour-ordered gluon integrands multiplied together by the integral kernel. A closer
comparison with momentum space formulations of KLT double copy becomes clear when
we perform a chiral splitting of our kernel (6.3.42).
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6.3.3 Chirally split momentum kernel

It is easy to see that the integral kernel (6.3.42) respects a chiral splitting in terms of the
underlying helicity decomposition of the external states in the scattering amplitude. In
particular, let p := p U p be the ordering on {1,...,n}\ {a, b} (i.e., and element of S;, _2)
arising from the union of the orderings p on h \ {b} and p on b\ {a}, with & := w U @ defined
similarly. Then the prefactor D(w, @) = D(d) can be viewed as a diagonal matrix D acting
as a linear transformation on S,,_s:

D = diag (D(d)) , (6.3.50)

whose inverse D! is simply given by inverting D() for each ordering.
Then we define the reduced Ifernel Snd = Sn,a D1, which admits a natural chiral
splitting in terms of orderings on h and h separately. To see this, define the negative helicity

kernel as
Splplwl = > IT ¢4, (6.3.51)
TeTe 5 (i—j)€E(T)

and the positive helicity kernel as

Sulplwl == )~ [T ¢4, (6.3.52)

TeTH o (i=j)€E(T)
upon which the reduced kernel splits as
Sn,d = Sﬁ RSy . (6.3.53)

In particular, the reduced kernel admits a chiral splitting that respects the underlying de-
composition of sums over (partial) colour-orderings of the single-copy gluon amplitudes.
Our results so far can be summarized as the following:

Theorem 1. The tree-level S-matrix of general relativity in Minkowski spacetime admits the
helicity-graded double copy representation:

Mua= Jdun,djg[aabp]sn,d[wa)wg[aﬂabw]HhiHﬁj, (6.3.54)
bp,bweS(h) ieh  jch
a(),acDGS(ﬁ)

in terms of the integral kernel S,, 4, which itself obeys a chiral splitting:
Sn,alpld] = D() Sglplw] Sylplw], (6.3.55)

in terms of S;, and Sy, the negative and positive helicity kernels (6.3.51) and (6.3.52), respect-
ively.

The chiral splitting (6.3.55) of the integral kernel helps to make the connection between
the representation (6.3.54) and other field theory KLT double copy representations in the
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literature more apparent. Although the standard version of the KLT double copy is as given
in (6.3.47), a generalization of this formula in terms of ‘shortened’ KLT kernels was derived
in [265-267,324] using (the field theory limit of ) string monodromy relations®. This general-
ized KLT double copy can also be stated in helicity-graded form as.

Mpa= ("3 Y D> Analadbn] S¥ T afp(a)]
&€Sn-3 peS(h\{b,n})
weS(h\{a})

x SKUT (&) (6] An al@(e)abp(ein],  (6.3.56)

where the first sum is over orderings & = o«U & on n— 3 letters, decomposed into &« € S, 43
and &« € S4. The chirally-split KLT momentum kernels are

SKLT (o ()] := H Sa(i)b T Z Op () (t(1), x(3)) Seei) «(5) | > (6.3.57)
ieh\{b,n} i1
and
SKUT (@ (&) = IT sawa+t) 9a(&(), (1) ssiwag) | » (6.3.58)
ich\{a} j<i

with the ordering function 6 defined as before in (6.3.49) and s;; the Mandelstam invariants.

Clearly, this expression more closely resembles our representation (6.3.54) than the
generic KLT double copy (6.3.47). The sums over chirally-split orderings p, @ also appear
in our formula, although the overall sum over orderings & € S,,_3 does not appear in our
expression. Instead, we have an integral over the moduli space of rational maps from P! to
PT, as well as additional complementary sums over orderings p and w.

These differences are not so stark as they may seem, and it is interesting to speculate
that the two formulae (6.3.54) and (6.3.56) are in fact equivalent. The moduli integral in
(6.3.54) is completely localised against the delta function constraints appearing in the twistor
wavefunctions, just as it is in the RSVW and Cachazo-Skinner formulae. These constraints
are a helicity-graded version of the scattering equations — rational constraints localizing n
marked points on P! in terms of on-shell kinematic data - so the moduli integral is really a
sum over solutions to these helicity-graded scattering equations. At N4~'MHYV, the number
of such solution is given by the Eulerian number E(n—3, d—1) [303-305], so the total number
of terms summed in (6.3.54) is E(n — 3,d — 1) x (d!)? x ((n — d — 2)!)%. This is generally
higher than the number of term in the sums (6.3.56) and (6.3.47), however there may be
some form of redundancy in the solutions owing to a version of KLT orthogonality [9, 294].

While these speculations suggest a very close relationship between the chirally split, integ-
ral kernel manifestation of double copy given by (6.3.54) and the more standard momentum
space formulation of (6.3.56), their equivalence is, for generic d, purely conjectural. However,

9We will use one particular version of this generalization, a special case of which appeared much earlier
in [325].
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for the MHYV helicity configuration (corresponding to d = 1) where (6.3.56) coincides with
the un-graded KLT double copy (6.3.47), we can make this equivalence completely precise.

6.3.4 Example: the MHV configuration

The MHYV helicity configuration is particularly straightforward to analyse, as the moduli
integrals can be performed explicitly. In this case, the various ingredients of (6.3.54) simplify
considerably.

Fixing d = 1, without loss of generality let h = {1, 2} and then we can choose a = 2,y = 1.
Furthermore, the orderings p, @ on h \ {a} are now an ordering on a single letter; namely,
p = w = 1, and thus @* = 1 trivially. This means hat for the d = 1 configuration,

D(w)=(bl)(b2)(t1)(t2), (6.3.59)

and
(Mo1) Alo2)) 1
(12) (b1)(b2)(t1)(t2)"

Furthermore, the residual GL(2, C) freedom in the parametrization of the map moduli U2
can be fixed by setting

S:[111] = (6.3.60)

U? = (Xﬁdéﬁay 6oca) > (6.3.61)

where this choice of gauge for the moduli identifies the anti-self-dual SL(2, C) spinor indices
«, B, ... with the holomorphic homogeneous coordinate indices a, b, . . . of P'; the four x*
are the remaining, gauge-fixed moduli of the degree one map.

With these choices, the d = 1 double copy representation (6.3.54) simplifies to

Mni= ) Jd4x(1 2)0 pt,, [1bp2] pt,, [2bwl] | Y [T —tiyhia))
bp,bwes(h) TeTs , (i—j)€E(T)
. n dt .
— i ok PP 1< i [5:2 K+
< [T 8 dte 82 (ki — tic o) @ 1™ T K H§52(K1—t101)etlx Catkal - (6.3.62)
k=1,2 1=3

At this stage, all of the integrals can be performed explicitly against holomorphic delta
functions or as simple exponential integrals, leaving

An1[12bw]

Mn,1=(2n)464<2k1> > ftn,lubpz{z IT i)
i=1

P,WESH-3 TeTh , (i—=j)€E(T)

Anil12bw], (6.3.63)

:(2n)464<ik1> > fln,ﬂlbp?[Z IT sy
i=1

P,WES,_3 Tef]'gw (i—j)€eE(T)

where flm 1 is the colour-ordered Parke-Taylor formula (5.1.5), stripped of its overall momentum-
conserving delta functions.
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Now, by Proposition 6.2.2 and the results of [267] it follows that

> II ss=1] > sy=s""plwl. (6.3.64)

TeTs , (i—3)EE(T) j=3 i<ppj
170 i<pw])

In particular, it means that (6.3.63) is equivalent to

Mn,1:(2n)464<Zki> > Analibp2l ST plw] Ay 1 [12bw] (6.3.65)

P,WESH-3

which reproduces the known field theory KLT double copy for MHV amplitudes [242]. A
representation similar to this in terms of colour-kinematics dual numerators was also derived
directly from the Hodges formula by Frost in [295]. Here we have demonstrated that our
general N4~'MHYV double copy representation (6.3.54) is equivalent to the Berends-Giele-
Kuijf formula for graviton scattering in the MHV sector.

6.4 Biadjoint scalar amplitudes in twistor space

It is a well-known fact that the inverse of the field theory KLT kernel encodes the tree-level
S-matrix of biadjoint scalar (BAS) theory [9, 296, 302]; these tree-level scattering amplitudes
can be decomposed into doubly colour-ordered partial amplitudes m,, [«|f] for o, € Si,.
In particular, written in terms of permutations p, w on n — 3 letters,

mn[12bp21bw] = (27) 64<Zk> Skirlelwl, (6.4.66)

where the field theory KLT kernel for these orderings is given by (6.3.64), and Sf{iT is its
inverse, computed via Proposition 6.2.3:

1 1 1 1
Skirlolw] = > o= > o =, (6.4.67)

S$34... S S
34-m TEBpr,bw T 12 TEBpr’bw T

where the second equality follows on the support of overall momentum conservation.

In light of this connection between inverted field theory KLT kernels and BAS tree-level
amplitudes, it seems natural to ask if there is some way to encode BAS scattering amplitudes
in twistor space by inverting the integral kernel (6.3.55). Remarkably, this is indeed the
case, resulting in a series of representations, graded by degree, all of which encode BAS tree
amplitudes that see the degree only through their colour-orderings. We first present the
resulting formula, and then prove that it is correct by looking at its factorization properties.
The detailed proof is contained in Section 6.4.2.
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6.4.1 BAS tree-amplitudes

To invert the integral kernel S,, 4[p|®], we need to invert each of its constituent parts, as
linear maps on the space of ordering: D(), S;[plw] and Sy [p|w]. The inversion of D(®) is
trivial,

~1(n (yw™) (w*t)
@ 1 - 2 . .
(©) = 1ab) (0 @) (by) (a ) (y 12 ke}llj{bﬂ}(k‘) ) (6.4.68)
leb\{a,y}

while the inversion of the chiral factors Sy, Sy, is accomplished using Proposition 6.2.3.
This gives

1 1
S, Hplw] = —, (6.4.69)
q)total TEBTop be
and
o 1 1
Sal[plw] = = —. (6.4.70)
d)total TEB‘I@ . ¢)‘T’

Here, recall that ¢y; and d~)ij are the weights (6.3.39) and (6.3.40). The ‘total’ quantities
appearing as prefactors in these expressions are

(btotal = Z (bij ; &)total = Z &)ij ) (6-4-71)
i,j€h i,jch
7 i)

while ¢, d~>f denote the product over all edge weights appearing in the binary trees T, T,
respectively. Here each edge weight is o = 3 ;c1(g) ¢1; where I(E) is the set of leaves
upstream from E, and similarly for &)E-

Collecting these results, one has

Sphlpl@] = D (@) S, [plw] S5 l], (6.4.72)

which is an inverse of the integral kernel (6.3.42) in the sense that

> Spalpldls hlwlad = ) S L&KM S al®Ip] =8paSpa,  (6.4.73)
wesn7d72 wesn7d72
wWwEeSy WESy

where the Kronecker deltas represent the identity on the space of linear maps between
permutations.

Armed with the inverse integral kernel (6.4.72), we are now in a position to state the
following result:

Theorem 2. Let

Q
>
ES)
=
N
Q9
b
)
o)
S

mmd[aﬁbpld)Tabw] = Jdud S;}d[ (6.4.74)
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for @; € HOY(PT,O(—2)). This expression is equal to the doubly colour-ordered tree-level
partial amplitudes of BAS theory, in the sense that

mn’d[af)bpld)Tabw] = mn[apbpl@ T abw], (6.4.75)

foreachd=1,...,n—3.

We will prove this theorem in the following subsection, but for now, let us make a few
elementary observations about the formula (6.4.74). Firstly, it is easy to check that the
formula is mathematically well-defined, in the sense that all of the integrals make sense
projectively.

To see this, observe that external states in this formula are still partitioned into ‘positive
helicity’ and ‘negative helicity’ sets, h and h, respectively, despite the fact that there is no
helicity associated with the massless scalars being described by the twistor wavefunctions ;.
Now, D~ (@) carries weight —2 in {a, b, t,y}, weight 2(d — 1) in all elements of h \ {b, t} and
weight 2(n — d — 3) in all elements of h\{a, y}. Meanwhile, S ! carries weight —2(n —d — 2)
in each element of h \{a, y}and SE ! carries weight 2d in each element of hu{b, t}. Combined
with the scaling weight —2d of each twistor wavefunction and the weight 2 holomorphic
forms Doy, it follows that the integrand of (6.4.74) is a (1, 1)-form, homogeneous of weight
zero in each insertion o; on the Riemann sphere.

Furthermore, when the twistor wavefunctions correspond to massless scalar momentum
eigenstates

©i(Z) = J' t; dty SQ(Ki —tiA) eltt (il R (6.4.76)

the same counting of integrals versus delta functions that holds for the RSVW and Cachazo-
Skinner formulae shows that all of the integrals appearing in (6.4.74) are localized against
delta functions, with four remaining delta functions encoding momentum conservation.

In this sense, the formula for m,, 4 passes the most basic sanity tests, and it can also be
evaluated explicitly when d = 1. In this case, following the same steps as in our evaluation of
M1 above, the formula evaluates to

1 1 .
mn 1[12bp|21bw] = y - Jd4xel(k1+---+kn)-x
S T eB T e T (6.4.77)

= (27r)464<ik ) 1 > !
- 1 )
im1 S12 1 BT b OF
which is precisely the BAS tree-amplitude m., [12bp|21bw]. A sort of ‘parity symmetry’ in-
herited from the graviton amplitude (6.3.54) (shown in Appendix C.1) means that we also
obtain the concrete, correct expression for d =n — 3.

The remarkable claim is that this is true for all degrees d: namely, (6.4.74) is equal to
the BAS tree amplitude, which is sensitive to the degree of the underlying map to twistor
space only through the arrangement of its double colour-orderings. Intuitively, the counting
in degree can be interpreted as follows. Due to the specific structure [apbp|w ™ abw] of the
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T=ror

L )

Figure 6.7: The tree decomposition of S, 1d [p|@], where the sum is over all trees compatible

with the orderings on both h and h.

colour-orderings, the corresponding BAS amplitude is divided into two halves: the binary
trees on the left-hand set of (d + 1) particles, and the binary trees on the right-hand set of
(n—d—1) particles. These trees are treated independently, and so the degree of the map can
be interpreted as enumerating the ‘complexity’ of the trees contained in the corresponding
BAS formula.

6.4.2 Proof of BAS formula

The proof proceeds by using an argument based on BCFW recursion [326] in twistor space [137],
applied to each tree sub-amplitude of Sy, [p|w], to establish that each of these sub-amplitudes
is equivalent to a trivalent Feynman diagram contributing to the tree-level BAS scattering
amplitude in the relevant colour-ordering. In this way, we establish that the formula (6.4.74)
captures the full tree-level Feynman diagram expansion of BAS theory. Our notation and
method will closely follow [28].

The relevant tree structure is apparent in (6.4.74), in which S;}d [p|®] can be expanded as

11 11
S Lplw]l = D Hw) — X (6.4.78)
n,d TGB;bp,bw btotal OT Dtotal C])T

TEBTup,am

This decomposition is also illustrated in Figure 6.7. From this we define a tree sub-amplitude
integrand to be, for the tree T=TUT,

(6.4.79)

- 1 1 1 1
S-LTpld] = D Hw) X
n,d Protal PT  Drotal P57

The proof will then proceed on each of these subamplitudes, and show that each one is
equal to the equivalent trivalent Feynman diagram in BAS theory. The formula (6.4.74) thus
captures the full tree-level Feynman diagram expansion of the theory.
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The factorization analysis is made easier by explicitly performing the moduli integrals
for the u*(o)-components of the degree d holomorphic map to twistor space in (6.4.74),
evaluated on the momentum eigenstates (6.4.76). This leads to the equivalent formula

d2(d+1)7\

— e A _ -
Mn,alapbple” abw] = J vol GL(2,C)

DY) Sy, 'plw] S; ' plw]
« 62(d+1) (Z ti k{x (y?(d)> H [)(T;L ti dti Sz(Ki —t )\(0—1)) ) (6480)
i=1 i=1

where an irrelevant overall factor of (271)2(4+1) has been ignored. As the factorization analysis
is also essentially local in the moduli space of holomorphic maps, it is also convenient to
work in an affine patch ¢® = (1, u) of P!, under which the remaining components of the
holomorphic map are written

d
Ax(0) = Ax(U) = Z Agru’, (6.4.81)

r=0
with the set of 2(d + 1) complex parameters {A -} the remaining moduli of the map. The

formula (6.4.80) in this representation becomes

d2(d+1)
vol GL(2, C)

d n n
X H 82 (Z ti Rf‘ ‘LLI) H du; t; dty 82(Ki —ti A (), (6.4.82)
=0 i=1

i=1

mp alapbple’ abw] =J D @) S, plw] S [plw]

where all quantities are now evaluated on the affine patch, where (ij) = u; —u; for all
i,3=1,...,n.

The BCFW shift

Consider a BCFW-deformation of the n-particle kinematics: this is a one-parameter complex
deformation which preserves the on-shell condition for each external 4-momentum as well
as overall 4-momentum conservation. Without loss of generality, we can take this shift to act
on the momenta of particles 1,n € h as!®:

K1 — K1+ ZKn, Kn — Kn — 2z K1, (6.4.83)

where z € Cis the shift parameter. Under this shift, the quantity m,, 4 becomes a rational
function of z, m,, 4(z). We say that such a shift is admissible if m,, 4(z), described by the
formula (6.4.74) under the shift (6.4.83), is analytic as |z| — co — in other words, there is no
pole at z — oco.

9The proof is qualitatively un-changed if we take the two shifted particles to be in h. We expect that taking
the shifted particles in different sets would yield the same result, with added complexity in the argument.
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General shift behaviour: Under the shift (6.4.83), the various constituents of the formula
(6.4.82) pick up dependence on the shift parameter z; for instance, the delta functions

d d n
582 <K1 +zKkn —t1 Z Ar u{) H 82 (Z tikiul —ztn Kg uL) (6.4.84)
r=0 r=0 i=1

now have explicit z-dependence. The arguments of these delta functions are apparently
divergent as z — oo, but this can be absorbed by introducing a new scaling parameter and
affine coordinate on P! for the particle 1, defined by

=t —ztn, tiaf =t ud —zt,ud, (6.4.85)
which imply that
fad 4 ztnud e
=Lt : (6.4.86)
t1 +ztn

On the support of the (un-shifted) delta function

d
52 (Kn —tn ) A u;> , (6.4.87)
r=0

in (6.4.82), it then follows that

d a

~ d—

K1 +zkn —t1 E Arul =k —tg E 7\r< drua+:1ﬂfuﬁd> +0(z7Y, (6.4.88)
=0 r=0

and

n n
- - - ~ oL (d—T T _ _
ZtiKiu{ —zZtn KUy, = Zti Kiui + t1 Kp <d uy, + aufuﬁl d) +0(z ). (6.4.89)
i=1 i=2
In particular, the arguments of the delta functions (6.4.84) are finite in the z — oo limit when
expressed in terms of the new variables (6.4.85).

One must now account for the additional z-dependence in (6.4.82). With the assumption
that 1,n € h, we can also take 1,n # b, t (where b, t € h are the arbitrarily-chosen points
singled out in the definition of D~!(d®) and ¢4;), in which case only D~1(d) and Sy Lin the
first line of (6.4.82) have any z-dependence. It is easy to see that

(Uy'_1iw*)hi®*_“uﬂ
(Ua —up) (Lo — U@ (Wp —Uy) (Ua —ut) (uy —ug)
X H (Un — u)-)4 H (ue —u)?24+0(z7 1), (6.4.90)

jeh\{a,y} keh\{1,n,b,t}
leh\{a,y}

Q)flub)z—xm .
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“v Yx\
Y Yy

Figure 6.8: Examples of the type of shift configuration for the points 1 and n that are admiss-
ible. Note that 1 has a unique neighbour y, and the next closest point is n. The red lines
indicate a decay in z~! for the propagator, whilst the blue lines indicate that the lines go as z°.
Overall, the large-z falloff due to these propagators will be at least z—2, rendering the large-z
falloff of at least m,, 4(z) ~ z~ L. Note that we only consider cases with at least two points in

h, otherwise we are already in the MHV sector which we can evaluate directly from (6.4.77).

while the z-dependence of Sy !is inherited from that of the weights Pij:

by ot [l wi—w) ] w—w)y—w),  Lj#Ln, (6491
leh\{a,y}
$15 = —ztaty [l (un —15) [ (wn—w)(yy—w)+0(z, j#n, (64.92)
leh\{a,y}
b1 =S zta 1) (un —vj) [ (wn—w)(yj—w)+0("), j#1, (6.4.93)
leh\{a,y)
and
nd
G1n T —tn tr I nlun (ﬁg + 1) [T wn—w?+0Ez", j#n. (64.94)
" Leh\{a,y}

In addition, we must account for potential large-z dependence elsewhere in the integration
measure:

~

ot —dad—1 1~ _
du; 2225 ztl wmdadtde + 027, (6.4.95)
n
and
t1dty 2= zt, di; + 0(2°), (6.4.96)

where terms which wedge to zero in (6.4.82) have been dropped in the last expression. Finally,
observe that as the shifted particles 1,n € h, there is no z-dependence coming from the
factor SE L

91



Admissible shifts: Consider each binary tree over h in the sum appearing in (6.4.82) separ-
ately. From (6.4.90) — (6.4.96), it follows that the tree-independent constituents of m,, 4(z)
contribute large-z behaviour of the form z'. The shift (6.4.83) is admissible for the given
tree if the tree is such that it contains at least two factors of ¢ ;' or ¢! for somei # 1,n.
Examples of trees, where 1 has a unique nearest neighbour, are shown in Figure 6.8. If a given
binary tree in the sum is such that the shift on 1, n is not admissible, then we simply shift
two other particles in h such that the shift is admissible for this tree.

Overall, this means that choosing an admissible shift for each binary tree in the sum
gives large-z behaviour

"
M, a(2) 279 0(z7?). (6.4.97)

admissible

This means that, by choosing an admissible shift for each binary tree contributing to (6.4.82),
there is no pole at z — oo in the deformed quantity m,, 4(z).

Factorisation

At this point, we restrict our focus to a single term in the sum over the set of binary trees
BTvp,bw 0nhand BT q5 o On h compatible with the colour-orderings. Let this single term
correspond to the binary tree T = T U T, and (without loss of generality) assume that the
shift (6.4.83) is admissible for this binary tree. We have established that the contribution of
this term to the shifted expression (6.4.82), which we will denote by mTTL 4(z), has no pole

as z — oo. Our next task is to establish that the only other poles contained in m! ,(z)
correspond to certain multi-particle factorization channels.

To do this, we observe that mi 4 Is, by definition, associated to a degree d holomorphic
rational curve in twistor space, and consider a degeneration of this underlying curve. If m!
develops poles in the modulus controlling this degeneration, then by standard arguments
it will have a pole of the corresponding order in the shift parameter z corresponding to a
multi-particle factorization compatible with the curve degeneration.

The degeneration of the curve has a standard description by modelling the underlying
P!, with homogeneous coordinates ¢® = (1, 1) in the chosen affine patch, as a conic in P?:

Yo ={xy =s?2?} c P?, (6.4.98)

where s is a parameter and [x, y, z] are homogeneous coordinates on P2, related to o by

(x,y,2) = ((c")?,(cl)?, “Ofl) . (6.4.99)

Ass — 0, £y = P! degenerates into two components:

lim X =X UZXg. (6.4.100)
s—0
These components are defined by X} = {y = 0} and Zr = {x = 0}, with intrinsic homogen-
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eous coordinates
o[ o 1 (00

The affine coordinate u = o!/0? on Z; is related to the corresponding affine coordinates on
IR by

U= UR = su. (6.4.102)

The point at which the two components intersect in the degenerate s — 0 limit (which we
will call the node o) is fixed at ur g = 0inboth coordinate patches.

Now, in the s — 0 limit, the n marked points on X are distributed among the two
resulting components X and . Let nt, ng denote the number of initial marked points
distributed on I and Xy, respectively, with n; +ng = n. To understand the dependence of
the integrand of mTT1 4 on s, it is useful to observe that holomorphic separations (u; — u;)
between marked poihts behave differently depending on where those points wind up in the
degenerate limit. It follows that

WL — Ui PR
11tLUjL » Ljel
w—uy = SRR eR , (6.4.103)
2w
TR jeljeR

SuiL )

in terms of the affine coordinates on £ and Ig. In addition, various other ingredients in
m! , have standard behaviour in the degenerate limit which were determined in [28]. The

invariant measure
1

dv = sLE.0) .

n
dug , (6.4.104)
=1

on the marked point locations behaves as

dv = smt 452 dv; dvg | |L2+O(SHL7RR72), (6.4.105)
eV
ieL il
where
dv NI S || duy dv NI S || du; (6.4.106)
L7 VolSL(2,C) o o R JolSL(2,C) e R -

In particular, in the degenerate limit, the node e becomes a marked point, fixed by the choice
of affine coordinate to be located at the origin in the affine patches on both £; and Zg.

The behaviour of the degree d holomorphic map Z : ¥ — PT in the s — 0 limit is
also easily deduced [28]. To do this, a conveniently re-scaled set of map moduli {Z} can be
defined by taking

Zr =3s" UdL,T ; Z. = UdL s lé-r =s" UdL+T s (6.4.107)
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for di + dr = d, under which the holomorphic map admits a degeneration compatible with
that of Z; itself:

d
s) = Z U, u’
r=0
dr dgr §2b
L (Z Zrul + Ze + Zgbb> uexr (6.4.108)
r=1 b=1 UL
4 dr §2b dr
L T
(bglzb s + Zeo +;yTuR> wesg.

In particular, note that as s — 0 the holomorphicmap Z : £; — PT degenerates into a degree
di holomorphic map on X; and a degree dg holomorphic map on Zg, up to the shared
overall factor of udr.

Implementing the re-scaling (6.4.107) at the level of the measure on the map moduli
introduces explicit s-dependence:

AU _ ) @antann Hd42, H d'y (6.4.109)

vol C* vol C* b o
which nearly represents a splitting of the measure into measures for two distinct maps of
degree d; and dg, respectively. The obstruction to this splitting is due to the fact that the
node e € L1 g is mapped to the same point Z, € PT for both degenerate maps. The image
of the node on the X side can trivially be disentangled by inserting a factor of unity into the
integrand:

1:JD3H.D3 dvv Bdrdd(Z —vZa) i Z—1Y.). (6.4.110)

The holomorphic delta functions here set

Yo = %Z. , (6.4.111)

so the point Y, € PT is (projectively) just another copy of the image of the node as s — 0.
Observing that

d*y,
vol C*’
including the factor of unity (6.4.110) allows us to completely factorize the measure on the
map moduli into degree d; and dr components:

D3Y, = (6.4.112)

dr

daa+1yy va d415; dr
— (2di(di+1) (2dg(dr+1) d4z hd d? 6.4.113
S S VO] C* H !Jl yb ) ( )

3
b7, vol C*

vol C*

as desired.
However, there are still some inconvenient overall factors in the degenerate maps as
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s — 0. In particular, at this stage

dr
Z{u)lz, =ut (Z. +) Zeuf + 0(82)> : (6.4.114)
r=1
dg
Z(u)ls, =udL¥ <9.+ Z‘abug+0(52)> : (6.4.115)
b=1

where we havere-scaled Y, — (v/r) Yy, to obtain an overall factor of v/r on the Xz component.
These overall factors can be removed from the degenerate maps by exploiting the fact that
all ingredients of mrTh 4 are homogeneous functions of Z(u). By the ingredients

u 2 @i (Z(w))  ifug e Ip

ilZ(ui)) =4 1 , 6.4.116
Pzl { w2 D oeu(Z(w)  ifug € Ig ( )
as well as
(uy u]')_dL d)ij ifui,uj €
by — ¢ ()~ %Qd)ij ifuy;; € X, w5 € Ir (6.4.117)
(wiwy) "9 Ly ifug,uy € Ig
(W) by ifug,uy € Iy
by = ¢ (W) Ty ifugy €I i€ Ir (6.4.118)
(i Uj)dL by ifug,uy e g
as well as
dr vy dde 2R
[T~ (5) " TTd%s. (6.4.119)
b=1 b=1

the overall factors can be removed from the degenerate limit of the holomorphic map. That
is, after these re-scalings it follows that

dL dR
Zu)=Ze+) Z;ul +0(s),  Z(ur)=Ya+ ) YouR +0(s?),  (6.4.120)
r=1 b=1

in the degenerate limit.

Isolating singular contributions: The goal is to determine the leading behaviour of the
formula as s — 0. In particular, we are interested in contributions which are singular; that
is, terms which have poles in s. All contributions which are regular as s — 0 are irrelevant
as they do not correspond to kinematic poles and therefore will not result in poles in the
BCFW shift parameter. At this point, we can tightly constrain the parameters d; g and np r
underlying the degeneration by demanding that we look at the most singular contributions.
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In [28], it was established that

/ gV
det (Hrz det’ (HY) §241 (A1) g2dg(drt1) ¢2di (ng—ni) gng—ni+2 (6.4.121)
[ dw
as s — 0. Now, we have shown that
det’(H)det’ (HY) = > PTulapbp] S alp, plw, 0] PTnl@ abw],  (6.4.122)
bp,bweS(h)
af),acDES(B)

and as it is straightforward to determine the behaviour of the Parke-Taylor factors as s — 0,
this allows us to infer the behaviour of S,, 4 and its inverse by comparison with (6.4.121).

For a generic PT, [«] on X, the behaviour as s — 0 depends on how many times the
colour-ordering « crosses the node in the degenerate limit. Clearly, it must cross an even
number of times, 2my, where my, denotes the number of crossings or, equivalently, the
number of colour traces which will appear on each of £; and £ as s — 0 —see Figure 6.9. A
straightforward calculation shows that

PnTin[od ~ gNR—TML+2my , (6.4.123)
[Tz dw

as s — 0. Thus, letting mp denote the total number of colour-trace crossings for both
Parke-Taylor factors in (6.4.122), it follows that

21’1’1]3 ngdL(dL'i’]-) szdR(dRJrl) SQdL(TLLfTLR]

Sy lalp, Plw, @] ~ s sTRTTL—2 (6.4.124)

upon comparison with (6.4.121).

Since m; q goes like S;}d, the most singular contributions will be those with the fewest
colour-order crossings of the node; that is, with the smallest possible value of mg. Now,
configurations with mg = 0 are not allowed; we have already established that (without loss
of generality) 1,n € h must be on opposite sides of the degeneration, and this forces each
Parke-Taylor factor in (6.4.122) to cross the degeneration at least once, meaning that mpg > 2
with the most singular contributions corresponding to mg = 2. This can only happen if all
points in h are on a single side of the degeneration; otherwise mg will be greater than two.
See Figure 6.10 for an example. In other words, if h is distributed across both 21 and Ly then
this configuration cannot be the most singular as s — 0.

So in order to study the most singular contributions to the formula, we can (again, without
loss of generality) assume that all elements of h are located on L as s — 0. By definition,
this fixes d; = 0 and dgr = d, and it is easy to see that this in turn fixesny =2, ng =n—2:
all other configurations will have vanishing support in terms of the various delta functions
appearing in (6.4.82).

Having established that the most singular contribution to the integrand occurs for the
configuration where np. = 2 and dp = 0, we can now determine precisely how the entire
integrand of mL 4 behaves in the degenerate limit. Collecting (6.4.105), (6.4.113) and using
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mpy =1 my =3

(a) The case in which the trace is broken the (b) For this colour ordering the trace is broken
minimal number of times. In this case my, = multiple times, and we end up with 3 trace
1. components on each side, so my = 3.

Figure 6.9: Two examples of the possible trace configurations for a given distribution of
points among the left and right sides, and their corresponding values of my,. An easy way of
counting my, is counting how many connected traces end up (e.g.) on the right side.

h h
aoc bo m=1
pa bp mp = 2

TTLB:3

Figure 6.10: When h is distributed among the two sides the values of mp is always at least 3.
Here this is illustrated in a simple configuration.
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(6.4.116), (6.4.120), it follows that

ui)?

[ — . . _ .2d(d+1)—m 2 (pl ulL X 4d—2n+4
vol C* dv H (Pl(z(ul)) =S ds |:d\/L IC* H u. — ] (r)
L

d*y,
X {dw 9 Hd”‘% [T «i(zwpr) ]+O( 2d(d+1)—n+2y © (6.4,125)

ol C*
j chg Uh

where hy C h is the set comprising the two marked points which are left on X1 ass — 0.
From (6.4.124), we also have that

51_171(1[@@] - S—2d(d+1)+n—2 + O(S—Qd(d+1)+n)

, (6.4.126)

so that overall

)

m! 4 _Jiz (1+0(s?) , (6.4.127)

in the degenerate limit.

In particular, this establishes that the maximally singular mp = 2 configuration, with
dp = 0 and ny = 2, is the only singular configuration, having a simple pole in s2. All other
configurations will not contribute to the BCFW recursion; see Figure 6.11 for an illustration.

hp hg hg

n

n

Figure 6.11: The general decomposition of the product of propagators into propagators on
the two halves. On the left, the red propagator takes contributions only from h; , whereas
the leading (in s2) contributions to the blue propagators come only from hg on the right. In
effect this ‘plucks’ a branch from the tree.

Factorisation: We can now focus entirely on this singular configuration, and determine
the precise behaviour of each ingredient in S,

SnldT, the easiest to consider is SE Lp|w], since this only depends on points in hu {b, t}, all

as s — 0. Of the three factors making up
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of which can be taken to lie on Ly in the degenerate limit. Therefore, it follows from

V2

bij = = $243 iy + O(s*479) (6.4.128)
that o
o vy-2d o
S};l [p|w} — <7) s d(2d+3) Sfl 1[p|w]R , (64129)
T

where the subscript ‘R’ on quantities such as (f)ij R OI SE l[p|@]g indicates that these are
now defined in the affine coordinate patch on Zg. Observe that the scaling (6.4.129) is
independent of hy, the distribution of points on X .

Next, we consider the pre-factor D! (). Without loss of generality'!, we can take all of
the points b, t, w* € hto lie on L in the limit s — 0. In this case, we have
s4720d=DM=d=3) (e —uy )R (W — Uer )R
(Ua — Up)R (U — Ug+ )R (Up — Uy)R (Wa — Ue)R (Uy —ue)R

x T w—wi J] (we—wi+--

D @) =

ichg\(b,t} jeh\{a,y}

jeh\{a,y}

— ¢42(d-D(m—d=3) n—l(g), H (e —uj)% +---, (6.4.130)
jen\{a,y}

where the ‘4 - - -’ indicates terms which are higher-order in s.
Finally, we must account for the behaviour of S !p|w], which is the most complicated
due to its dependence on h; . Using (6.4.103) and (6.4.117), one finds that

3_94 .. (ug — )L 2 -
—s tity [15] (Ue — )R, 1,jel
B (Ue —ui)r (U —uj)L .H R ]
leb\{a,y}
g1—2d 2 3 o
by =4z b il (wi—u)e  J] (wi—wlr(ui—wr, ijel
leh\{a,y}
si=2dy : :
— tity [15] (e —u5)R H (U —w)r (uj —w)r, i€l jeR
leh\{a,y}
(6.4.131)
Recall that for a specified binary tree T
1 1
S, Tlplw] = 3 e (6.4.132)
total EcT E
where
be= D by- (6.4.133)
(i—j)€E

Tt is a straightforward, if somewhat tedious, calculation to show that the same result is obtained with a
generic distribution of these points.
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Figure 6.12: Example of a configuration where we have to split up the left and right leaves in
the sub-amplitude, so that 1 and y are no longer adjacent. Note that this now has more blue
propagators (scaling as s overall in the contribution from this factorisation channel, com-
pared to s—! coming from red propagators) than the unbroken configuration, and therefore
will not create a pole (as all other contributions remain unchanged).

Any h; which is not connected with respect to T (i.e., appearing as a leaf in the tree T) will
involve more factors of d)i_jl with one index valued in L and the other valued in R and fewer
factors of d)i_jl with both indices valued in L in contrast to connected contributions (i.e.,
where h; forms aleaf of T).

Consequently, from (6.4.131), we see that such disconnected/non-leaf contributions
will scale with a less singular power of s as s — 0 than connected/leaf contributions; see
Figure 6.12. However, we already established that the maximally-singular contribution
to m,TL 4 is in fact the only singular one, so to obtain the factorization behaviour of S !
corresponding to (6.4.126), we must take the terms in (6.4.132) with the most singular scaling
possible, corresponding to h; being a single leaf of T, as illustrated in Figure 6.11. This means
that on X, the node u,y is treated as being the only member of flL, while on X the node
U,r is treated as an additional element of hg.

Explicitly, this leads to

B ot ar VN —2(d-mt2) o B
S, ! Mplw] = stn—2d=8)mn (;) [T e—wr?sy S uig +
jeh\{a,y}
(6.4.134)
where S}:RlJ{'iR} is defined in the obvious way on X and SIILl Tt is defined in terms of

(ug —uj)L

(W — te)r (W) — Ue)L (6.4.135)

bf = —ti t; [ij]

for hy = {i,j}. The binary tree T; is composed of a single cubic vertex with external edges
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{i,j} = hr (where one of i,j is 1 or n) and rooted at e . It then immediately follows that

1 (i —ue) (u —uer
S T T ) (64136

from the extremely simple structure of T; .

Collecting factors: At this stage, we have isolated the leading behaviour of all of the in-
gredients of m| . inthe s — 0 degeneration limit. Collecting (6.4.110), (6.4.125), (6.4.129),
(6.4.130) and (6 4. 134), one observes a remarkable cancellation among the various powers
of s, vand r to leave:

T[4 sy | 42 (Z(wi)
T _ 95 s 1TL §4(7 — @i il
mn,d—J 2 D°z volC* ]_S vdvd*(Z —vZ,) H (u._ui)%
lehL
diterly 1TR g-1T 54(7
X | e dve Dy 'Spoe, Sy Trdrdt(Z—rY.) ) T @i(Zwr))| , (6.4.137)

]GhRUh

where we have dropped all regular terms as s — 0, suppressed explicit dependence on the

two colour-orderings and
d

qia+y . iy, H d%y, , (6.4.138)
b=1

denotes the measure on the map moduli corresponding to the right-hand branch of the
degeneration.

Now, observe that as a distribution
J vdvsH(Z —vZe) = 532772(1 Z(uer)) , (6.4.139)

where the right-hand-side is a holomorphic delta function, that is, a (0, 3)-distribution on
P3, with support where the node on X is mapped to the point Z € PT (i.e., Z(u.1) x Z)
which is homogeneous of weight —2 in both of its arguments. In (6.4.137), this distribution
is integrated against both D3Z and du,t . Consequently, viewed as a differential form

8%, _5(Z,Z(uer)) € Q%2 (PT2,0(—2)) ® Q%1 (PL ,0(~2)), (6.4.140)

where the line bundles in each factor are understood to be defined over the respective
projective varieties.

Integration against du,; reduces the distribution to a (0, 2)-distribution with compact
support on PT. Together with the integral over D3Z appearing in (6.4.137), this defines
an exact pairing with twistor representatives of massless scalars, which, by the Penrose
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transform, are classes in H>! (PT, O(—2)). So given any ¢(Z) € H%!(PT, O(—2)), the integral
J D3Z duer 8%y 5(Z,Z(uar)) @(Z), (6.4.141)
PTzxP}

is simply a complex number. Observing that, similarly,
erTS‘*( —1Ye) =025 5(Z,Z(uer)), (6.4.142)

it follows that the integral over D3Z is playing the role of a sum over a complete basis of
massless, on-shell scalar wavefunctions inserted at the nodes on X1 and Zg, respectively.
Consequently, we can define the wavefunctions

Qo (Z(Uar)) =825 5(Z,Z(ua1)),  @ep(Z(uer)) =85 o(Z,Z(uer)), (6.4.143)

at each node. The factorisation behaviour (6.4.137) can then be written as

mi,d = JD?’Z ds® {ms o(hr U{-L}) TTLRUJd(hR U{eg}Uh) + 0(52)} , (6.4.144)
where
TL d4Z’ 71 TL
m370(hL Ufer}) = volCr dvi H hL H ©j (Z(ujL)) , (6.4.145)
1ehL jehy U{e }
and
qad+1)y

mTTf_UITd(hRu{.R}uﬁ):J dvg DS AR s 1T T e5(Z(ur).

“VolCr hufer) Ok

ichgrUhU{eg}
(6.4.146)
As the notation suggests, these two objects are simply the formula (6.4.74) for the contri-
butions to the BAS tree amplitudes corresponding to the binary rooted trees T and TR U T,

respectively. In the case of mTTlR Ujd given by (6.4.146), this is obvious by comparison with the

ingredients of (6.4.74), but for m ; given by (6.4.145) the correspondence is less clear, as
this expresswn is defined for a degree zero map, whereas (6.4.74) is defined for d > 1. In
fact, m o is equal to the 3-point amplitude of BAS theory, as can be verified by evaluating on
momentum eigenstate wavefunctions.

Lemma 6.4.1. The quantity mgo, forT the trivial cubic graph with a single vertex, is equal to
the 3-point tree amplitude of BAS theory, in the sense that

3
mj o = 5 (Z ki> : (6.4.147)
i=1

when evaluated on momentum eigenstates.
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Proof: Without loss of generality, let T be the trivial cubic graph whose external legs are
labeled by 1,2 and 3, and evaluate (6.4.145) on twistor momentum eigenstate representatives
for the external wavefunctions. In this case, (6.4.145) is given by

ml 1 Jd4Z. du; duo dug t3 dty dtg dtg
30 7 112] ) volC* volSL(2,C) (u1 — u2) (ug — uz) (ug —uq)

3
x [[8% (ki —tida)eltilietl. (6.4.148)
i=1
The SL(2, C) freedom in the integral can be used to eliminate all dependence on the marked
points (uq, ug, ug) with unit Jacobian, and the C* freedom can be used to fix t3 = 1 with unit

Jacobian. The integrals over d*2 = d?u, d2A, can then be performed against the exponential
and delta functions to leave

1
a2 Jdtl dts 82 (k1 — t1 k3) 82 (Ko — to k3) 82(t1 K1 + ta Ko + K3) ) (6.4.149)

ignoring an irrelevant overall factor of (271)2. The two scaling integrals can now be performed
against the final set of delta functions to give

3
(B o 2 e(5). e
i=1

as claimed. O

In other words, as the notation suggest, m:}o is indeed equal to the tree-level BAS 3-point
amplitude, simply written in terms of a degree zero (as opposed to a degree one) holomorphic
rational map to twistor space. As (6.4.144) captures all of the singular behaviour as s — 0, it
follows that

Res mlgub)= Y [DZmyh u{z) mrT (hr U{Z}UR),  (6.4.151)
sing. trees

where the sum is over all decompositions of T into Ty and Tk containing the simple pole in
s as s — 0. As showed above, the only such decompositions correspond to T; being a cubic

tree graph with a single vertex — see Figure 6.13.

This process can then be repeated on mTTLEUITd, splitting off further cubic tree graphs until

the elements of h are exhausted. At this point, we have a MHV amplitude on T with two
points remaining in h, which we know is equal to the corresponding BAS amplitude via
(6.4.77) and ‘partity symmetry’ (shown in Appendix C.1). We have therefore decomposed
m; 4 totally into single-vertex cubic graphs on h with each decomposition taking the form
of (6.4.151), and the expected Feynman diagram contribution from the tree on h, viewed as
a MHV amplitude.

Now, with the starting expression mTTL, 4 evaluated on momentum eigenstates, it is known
that factorisation of the form (6.4.151) in twistor space is equivalent to a multi-particle
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Figure 6.13: Possible poles picked up by a tree subamplitude . Note that only the first line
contributes because the rest contain d = 0 amplitudes with more than 3 external particles,
which evaluate to zero.

fagtorization channel in momentum space [251,327-329]. Thus, we have established that
m/ , contains all of the factorization channels of the Feynman diagram T contributing to
the BAS tree amplitude m,,, with the correct residues when evaluated on the singularities
of those channels. The same argument works for every other term in the sum over binary
trees in (6.4.78). It is easy to see that there are no other singularities in the formula — we have
already established that there are no poles for large values of the BCFW shift parameter, and
other spurious poles would spoil soft limits, which we check in Appendix C.2 - meaning that
the formula (6.4.74) has the same singularity structure as the BAS tree-amplitude. Therefore,
itis in fact equal to the BAS tree-amplitude, as claimed in (6.4.75), and obeys the same BCFW

recursion relation.

6.5 Beyond flat spacetime

The astute reader will have observed that the graph theoretic arguments used in Section 6.3
to derive the integral kernel on twistor space can be applied to any formula based on de-
terminants which encode a weighted counting of tree graphs via the matrix-tree theorem.
Furthermore, twistor theory can be used to describe any solution to the vacuum Einstein
equations with self-dual Weyl curvature and vanishing trace-free Ricci curvature [26, 330].
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Consequently, one can ask if there are integral formulae for graviton scattering amplitudes
in curved spacetimes which also admit an integral kernel representation indicative of double
copy.

In fact, there are two known generalisations of the Cachazo-Skinner formula which also
have this character. The first [312] is an adaptation of the formula to govern holomorphic
maps from the Riemann sphere to the twistor space of AdS,, aiming to describe tree-level
graviton boundary correlation functions'?. The second [231, 233] is a formula for the tree-
level graviton scattering amplitudes in a class of chiral, asymptotically flat curved spacetimes
known as self-dual radiative spacetimes. These can both be found reviewed in appendix C.3.

In this section, we present the integral kernels that can be derived for these formulae;
this is achieved using identical methods to those explained in detail in Section 6.3, so we
gloss over most of the details. The resulting integral kernel defines a representation of the
formula which is suggestive of a double copy, and we comment on potential difficulties with
this interpretation in each case.

6.5.1 AdS

The expression in AdS is given by

M2 4 _Jdpd 0 det’(HA ) det’ (H ) [Tmi(z(o) [TR(Z(o3)), (6.5.152)
ich jeh

with the ingredients reviewed in Appendix C.3.1.

Now, by following the exact same steps as in Section 6.3, it is possible to re-write the
formula (6.5.152) as

Mra= ) Jdun,dﬂ [apbp] S 4lp, plw, @] Th[@Tabw] [ [hi []hy, (6.5.153)
bp,bweS(h) ieh  jch
aﬁ,a(DES(fl)

in terms of an AdS, integral kernel
S a = D(@) Sp [plw] S [pl@] - (6.5.154)

The prefactor D(®) is the same as before (6.3.41), while the positive and negative helicity
kernels have the same structure as (6.3.52) and (6.3.51), but defined in terms of

.. 0 0 Co ..
dy; = (1)) [i)Z(Ui)’ aZ(cr])] l ﬁl\—{[ }(11) Gy, 1i,jeh, (6.5.155)
€ a,y

12\We emphasize that although this formula is mathematically well-defined, its precise relationship to graviton
boundary correlators in AdS,, computed in positions space and for the Poincaré patch, remains unclear.
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and

_ 1 v

. - i.ieh 6.5.156
by = i II ki) (kj)’ LIE, ( )
ke (hu{b,t})\{i,j}

respectively.

The integrand 98 [o] for Yang-Mills theory on AdS; is functionally equivalent to that of
(5.2.25), as can be seen in Appendix C.3.1, in equation (C.3.41). Therefore, taken at face value,
(6.5.153) seems to provide an explicit twistorial double copy on AdS, in terms of the integral
kernel (6.5.154).

While this conclusion is certainly tantalizing, a few words of caution are in order. Firstly,
we reiterate that the precise connection between (6.5.152) or the RSVW formula in AdS,
with graviton/gluon boundary correlators has not been established. While these formulae
certainly know something about the tree-level boundary correlators in AdS, they could be
missing pure boundary contributions such as those which contribute to correlators with all
external particles of the same helicity [331]. Secondly, we do not currently have any physical
interpretation of the inverse of the AdS kernel (6.5.154). If this were a true manifestation of
double copy, one would expect this inverse to encode information about BAS ‘scattering’
in some background (possibly AdS), but this does not seem to be immediately obvious.
Finally, we observe that other explorations of double copy in AdS using explicitly Witten
diagram/boundary correlator computations in spacetime have found structures which seem
much more complicated than (6.5.153) (cf., [141,332-343]), so an explicit matching between
our formulae and position or momentum space expressions is required before drawing any
conclusions.

6.5.2 Self-dual radiative spacetimes

A review of self-dual radiative spacetimes, and their gravitational scattering amplitudes can
be found in Appendix C.3.3. We recall that the N4~'MHYV graviton tree-amplitude on the SD
radiative background is given by:

n—d—3

Moa= Y Y| dualifdet’ ) [Tnulzio) [Tiy(zioy)
t=0 P1,--Pt ich jeh
t
- N(Pm=2) (g ) 9Pm
X (H Dom A DA(om) pm!( )aapm> det’(H) (6.5.157)
m=1 m e=0

The ingredients that enter into this formula are defined at length near equations (C.3.69).

The matrix H is unchanged from Minkowski space due to the self-duality of the back-
ground, H is replaced in each term of (6.5.157) bya (n+t—d —1) x (n+t—d — 1) matrix
H. For our purposes, all that is required is the decomposition of det’(H) according to the
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matrix-tree theorem. This follows by the same methods as in flat space, to give

1 1 K K .
det’(H) = e H TR Z H H iq)(Gq), (6.5.158)
‘ | kehpt qeh
1ch spannlng hUt
where t is the setof m = 1,. .., t background insertions and

. it HP% (W, 01)k,5s i€h
Kex:{“ (U, 00)Rip 1 , (6.5.159)

R
ieg HPS(U, o)Ay (01) i€t

for H&B (U, o) the holomorphic frame of the self-dual spinor bundle on the SD radiative
spactime, pulled back to the degree d holomorphic curve in P.7:

AH*B (U, o) = A%(0) Ay (o) HYB (U, o) N(0) DA(o) . (6.5.160)

Using Proposition 6.2.1, (6.5.158) can be written as

b b
det/(30) = DOV g b X Pty _albwty]
’h U {b}’ pt,wtes(hut\{b})

<) 11 Kkl (45) ] 83 . (6.5.161)

Te‘.Tb+ ot (12I)EE(T) leh\{x,y}

in terms of broken Parke-Taylor factors.

As it stands, this decomposition is not yet appropriate to defining a momentum kernel, as
it involves orderings on the set h U t which includes background insertions. To compensate
for this, we can define a ‘correction’ factor for any (n + t — d)-point broken Parke-Taylor
factor which breaks it down to the desired (n — d)-point object:

Ptnit—albp x| == pt_4[bpx] €(bp™ x; bpx), (6.5.162)

where bp on the right-hand-side is now an ordering on h alone. By definition, the correc-
tion factor €(bp*x; bpx) will be homogeneous of weight —2 on P! in each element of t but
homogeneous of weight zero in its other arguments. For example,

(3x)

C(b123t1x; b123x) = (Bt (i x)’

(6.5.163)

where t; denotes a single background insertion.

This allows the graviton amplitude (6.5.157) to be rewritten in terms of an integral kernel:

Mna= ) Jdun,dﬂmaﬁbm Sh.ale, plw, @ T (@ abw] [ The [ TRy, (65.164)
bp,bweS(h) ich  jeh
ap,aweS(h)
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where the background-dependent integral kernel still admits a chiral splitting
Sh.ale, plw, ®] = D() S [plw] S} Iplw], (6.5.165)

with only the positive helicity factor S)Y sensitive to the background. Explicitly, the positive
helicity factor of the integral kernel is given by

n—d-—3 t
. NPm=2) (g ) oPm
Sh [plw] = Z Z <H Dow A DA(om) pm‘ aEEIm

t=0 Pi---5Pt m=1

> le(pr; bpx) C(bw  y; bwy)
bpt,bwtes, o, (hut)

> IT xixia) JI Gogy . (6.5.166)
TeTt, . (im))€R(T) leh\{x,y} c—0
The sum over bp™,bw™ € §, « (h Ut) denotes summing over all compatible extensions of
the orderings bp, bw to include the t background insertions.

The double copy interpretation of this formula can be made clearer by considering the
scattering of gluons on a Cartan-valued SD radiative gauge field background, as reviewed in
Appendix C.3.2. The amplitude is given by

An,alpl = Jdud g* PTnlp] H a; e 9oy Hbj e® 9(to;) (6.5.167)
icg jEg

and (6.5.164) becomes a double copy formula when written as:

Mua= Y Jdun,d Jelapbp] SN 4lp, plw, @] Ty~ ¢l@ abw] [ [hi [Ty
bp,bwes(h) ieh  jeh
ap,awe8(h)

) (6.5.168)
where Jlﬁl’e denotes the integrand of (6.5.167) with Cartan-valued charges e = {e1, ..., en}.

In particular, by taking the double copy between gluon amplitudes with sign-reversed
background charges, the exponentials depending on the gauge field background in (6.5.167)
cancel, leaving (6.5.164) as required. Precisely this charge-reversed prescription was found
previously in constructing double copies for the only known examples of 3-point amplitudes
on non-chiral radiative backgrounds in gauge theory and gravity [32, 33]. In this sense,
(6.5.164) does indeed have some double copy interpretation, but it seems strange that such
a formula would correctly capture double copy for Cartan-valued SD radiative gauge back-
grounds but not fully non-abelian ones. It is not known how to replace the charge-reversed
double copy prescription when the gauge field background becomes non-abelian. Further-
more, we do not know how to invert the positive helicity integral kernel (6.5.166) as a linear
map on the space of colour-orderings, akin to [296], meaning that we have no plausible link
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with BAS theory in any form, as would be expected for a truly robust statement of double
copy.

6.6 Conclusion

The question posed in the introduction of this chapter was: is there a helicity-graded rep-
resentation of all-multiplicity tree-level gluon and graviton scattering amplitudes which
manifests double copy? More specifically, what is the double copy relation between the RSVW
formula for gauge theory, and the Cachazo-Skinner formula for gravity? In this chapter, we
have definitively answered these questions.

We found a natural double copy structure of the integrands, in the form of a helicity-
graded integral kernel in Section 6.3, derived through quite elementary graph theoretic and
combinatorial results. We additionally proved that the inverse of this object should be viewed
as the integrand for BAS theory in Section 6.4. A connection like this should be expected of a
robust double copy structure. We extended the analysis further to formulae on non-trivial
backgrounds - though the interpretation of these expressions remains open.

Other double copies: Whilst the derivation of this double copy structure followed a simple
combinatorial path, its interpretation is a bit more mysterious. Comparing the structure
and properties to other versions of the double copy - field theory KLT or CHY formulae —
it seems to take a middle ground. At MHV level, our formula (6.3.54) is equivalent to the
KLT double copy with a certain choice of basis. However, for generic helicity, the formula
expresses gravity as a sum over a strictly smaller basis of colour orderings. In this way it could
be viewed as being computationally ‘simpler’ than KLT. Of course, this relative simplicity is
compensated for by the helicity-graded solutions to the scattering equations implied by the
integral.

From the other perspective, we can compare our formula to the CHY double copy. Here,
the double copy is naturally manifested as a multiplicative rule on a single term, evaluated
on the support of the full set of solutions to the scattering equations. Since our formula only
requires a helicity-graded subset of these equations, it is simpler in that sense. However, the
integrand is much more complicated due to the presence of the sums over colour-orderings.

It remains to be seen whether a closer analysis of the relationship between our integral
kernel, momentum space KLT and the CHY formulae might provide clues towards new
relations between solutions to the scattering equations. Additionally, it seems that the
structure of the basis of colour-orderings is essential to the relation — and encodes the degree
of the maps, and thus the helicity configuration of the external legs. This fact — also at the
level of the BAS amplitude — appears very mysterious. Why should the double copy care
about helicity in this way?

In relation to other versions of the double copy, one may wonder if there is a way to
rephrase our results as some kind of colour-kinematic dual statement. Indeed, the basis of
this work was the calculation of the colour-kinematics dual numerators arising from the
Hodges formula by Frost in [295]. There is also a question whether this structure is somehow

109



related to a double copy at the level of twistor actions, as explored in [344], or more generally
for Chern-Simons theories [345].

Finally, it would be remiss to not comment on approaches to double copy similar to ours
in the literature. The first of these is the Cachazo-Geyer formula [294], giving a proposal for
all-multiplicity graviton amplitudes constructed out of RSVW integrands and the spacetime
KLT kernel. It would be interesting to see whether this formula can be related to our new
representation of the gravity amplitude via the double copy to give a sharp equivalence. This
is not at all obvious, as our kernel is chirally spit and the colour-orderings are helicity graded.

Another double copy for the RSVW and Cachazo-Skinner integrands was proposed
in [311] in the form of certain ‘scalar blocks’. It was noted in this paper that the objects
constructed have unphysical poles, and must be summed over degree to give the biadjoint
scalar amplitude. However, they do provide a minimal basis for the double copy in the sense
that N4~!MHYV amplitudes in gravity are given as a sum of E(n — 3, d — 1) distinct objects
built from two gauge theory factors. The object we have found is a bit different in nature,
and captures the scalar properties in a more physical way.

BAS theory: The new formula for the doubly colour-ordered BAS amplitude (6.4.74) does
not provide any calculational advantages for computing these amplitudes (the expansion
in trees is precisely that of the usual Feynman diagrams, and there is an additional integral
over maps). That being said, it is interesting that twistor space encodes the structure of
propagators in this chiral way. It would be interesting to see whether there are any connec-
tions to the recent studies of double copy and BAS theory (or tr($3) theory) via positive
geometry [300, 346-350].

Non-trivial backgrounds: Our exploration of the double copy beyond flat space in Section
6.5 suggests that the scalar theory associated to the kernel will be deformed in some way.
The examples presented in this chapter are definitely not exhaustive, and we expect that
the true relations will arise from different configurations. But notably, with twistor space,
we have one of the best handles on all-multiplicity data for certain backgrounds, and this
may prove the playground to test the existence of double copy beyond flat space. Perhaps
the deformation of the kernel in various theories can be related to the KLT bootstrap pro-
gram [268], a generalisation of the Berends-Giele currents used in [302, 320], or the stringy
version of [296].

In the same vein, one should compare our construction to existing versions of the double
copy on non-trivial backgrounds. The objects we consider might live in a different space,
but the final result should be intuitively similar to these spacetime approaches [32, 33, 140,
141,332-343, 351, 352]. In connection to CHY, perhaps our AdS formula can be related via a
version of the scattering equations in (A)dS [353-356].
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Chapter 7

Conclusions

In this thesis I have demonstrated the progress made in two key aspects of scattering amp-
litudes: on strong backgrounds and in twistor space.

On strong backgrounds, we were motivated by the close connection that can be drawn
between on-shell scattering amplitudes and classical observables — especially waveforms
emerging from astrophysical scattering events. Often these events involve two black holes,
and our methods focussed particularly on small mass ratios where one of the black holes can
be treated as a small probe particle and the other as a background field. From the scattering
amplitudes perspective this leads us to naturally consider scattering of the small probe
particle on a strong background sourced by the more massive particle.

In chapter 3 we considered the scattering of a massive particle on Schwarzschild and
Coulomb, emitting radiation in the process. We proposed a new basis expansion for the
external states, amenable for calculating classical observables on these backgrounds. In
particular, we calculated the first (semi-classical) three-point amplitude of this form in
Schwarzschild. Whilst we neglected the presence of horizon and higher-order effects in these
calculations, we outline how these can be included in the formalism.

Amplitudes on backgrounds of this form (a massive scalar emitting radiation) play a key
role in the calculation of waveforms. In chapter 4, we calculated the waveform created by a
massive particle crossing a plane wave background. In contrast to similar calculations using
amplitudes on flat space, our results contain all-order contributions in the coupling constant
and are non-perturbative in the background. Plane wave backgrounds can additionally be
related to any generic spacetime via the Penrose limit, so we anticipate that more generic
background calculations will exhibit similar features.

This work highlights the importance of amplitudes on strong backgrounds in calculations
even removed from their usual domain of particle physics. It also highlights the many avenues
of research available from this perspective. It would be exciting to extend the amplitudes
calculation in chapter 3 to exact expressions at all-orders, and in particular inclusion of
horizon effects. This would start relating our work to quasinormal modes and other aspects of
black holes. Furthermore, we may be able to detect signatures of these effects in gravitational
waveforms.

For classical calculations viewed through the lens of amplitudes, amplitudes on flat
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space provide the advantage that they are on-shell objects that we understand very well. In
particular, we have a handle on loop-level calculations (which correspond to complicated
back-reaction effects) and we also have a powerful relation between gravity and gauge theory
(the double copy) which simplifies drastically any gravitational calculation. This wealth
of knowledge gives considerable advantages compared to the usual classical approach.
There are many hints that amplitudes on strong backgrounds exhibit similar properties
— establishing these would impart similar advantages for classical calculations where the
background is treated non-perturbatively.

Overall, I hope I have imparted on the reader in the course of Part I why studying amp-
litudes on strong backgrounds and their properties is so exciting. I look forward to future
developmentsin this field. Of particular interest are advances in the the double copy on strong
backgrounds [32,33,340,351,352], holographic descriptions of amplitudes on asymptotically
flat backgrounds [167,357-359], and further applications of amplitudes on backgrounds to
other aspects of astrophysics (for example, see [360, 361]).

In the second part of this thesis, we considered aspects of helicity-graded representations
of tree-level scattering amplitudes in gravity and in gauge theory. I presented the manifesta-
tion of the double copy for these two representations, taking the form of a relation between
integrands. This answered a long-standing question about the precise double copy relation
between the two simplest representations of generic helicity, all-multiplicity scattering in
Yang-Mills and gravity in four dimensions. Additionally, we have shed light on how some
ubiquitous structures present in gravitational tree-level formulae — weighted tree graphs —
are closely linked to the colour-ordered structures essential in gauge theoretic formulae.

This opens the way for finding new formulae with twistorial representations, and studying
new forms of the double copy. The advantage of twistorial representations of amplitudes is
that they are helicity-graded, and are simpler to evaluate than conventional representations
like the CHY formulae. Additionally, as illustrated in chapter 6.5, we now have access to
investigating the form of the double copy on certain self-dual backgrounds. Whilst none of the
representations have been illuminating so far, there are still many background configurations
that are natural to consider, and for which twistorial derivations are possible.

I'would like to highlight that twistor theory is proving more and more essential to un-
derstanding scattering amplitudes. For one, it is the natural place to consider scattering
amplitudes on self-dual backgrounds, and is a veritable factory for all-multiplicity expres-
sions [232,233,362,363]. Additionally, twistor theory is proving to be a natural place to look
for a holographic description of asymptotically flat space times (e.g. [364-367]). Studying
the objects derived using twistor theory, and for example what they imply about amplitudes
on strong backgrounds in general, is therefore more promising than ever.
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Appendix A

Calculations in spherically symmetric
backgrounds

A.1 Detailed asymptotic expansions

In this appendix, we provide a rigorous derivation of the matching coefficients (3.3.24),
coming from the asymptotic matching of our WKB ansatz to the known exact solution of the
Klein-Gordon equation on the same backgrounds (3.3.15).

We start with the ansatz

o(x) = jdcb(p) Alp) el Sp0) (AL1)

for some unknown coefficients A(p) that will be matched onto the exact solution asymptot-
ically. Expanding e'5»(*) in spherical harmonics gives the general result

o0

) . 20+1

S (x) — Bty ; co(r)Pe(cos ) , (A.1.2)
£=0

where cos 0 = p - x and the coefficients c,(r) are determined via

7T
ce(r) = J d0 sin @ e!(Sp(T:cosO)—Etip, (¢o50) . (A.1.3)
0

The ansatz (A.1.1) is thus equivalent to

q>(x):27tjd(1) lEthe ) Y)Y (D) (A.1.4)

which we want to match asymptotically onto the known solution

47’(61Et

dpr(x Z Y " Rem(p’;7), (A.1.5)
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where we have explicitly denoted the dependence of the radial wavefunction on the mo-
mentum p’.

Since the spherical harmonics are orthogonal, we can equate coefficients between (A.1.4)
and (A.1.5) at large distances to find

1Et

Zve P)Rem(p';7). (A16)

. iEt S\ VI (A

T [d0(p) Alp)e B 3 en) ¥ (%) VET(R)
{,m

This equality requires E = E’, and this in turn implies that |p| = [p’|. Exploiting this and the

underlying spherical symmetry, (A.1.6) implies that

AP (p) =58(Ipl—[F") D Y& ()Y (") derm (P') | (A.17)

¢ m/’

in terms of some as-yet-undetermined coefficients d¢//(p’). Substituting this back into
(A.1.4), the two mode sums are identified due to the orthogonality of the spherical harmonics
in p. This means that the asymptotic matching condition is reduced to:

/.
lim dem (p') celr) = 2 lim Stm(P5T)

T—00 P12 r—o0 T

, (A.1.8)

with the factors of E/|p|? arising from the on-shell integrals on the left-hand-side of (A.1.6).
This in turn gives the expression

, 2E ¢ T Rem(p’57)
P m
AP (p) = E |2 E Y (p)Y )Thm e (A.1.9)

for the matching coefficients.

To further process this expression, we need to investigate the asymptotic properties of
the c¢(r) defined by (A.1.3). Observe that

s
e (T‘) — J de Sineei(fﬁfcﬁGC log(|P| 1)+ Cp log(1+cos8)) P, (COSG) + O(T‘72)

0 (A.1.10)

1
— i Cr log(ﬁlr)J dx ei(Cr 1081151 7%) b, () + O(r~2) |
1

where C,, is the theory-dependent constant defined by (3.3.11) and (3.3.12), and the integra-
tion variable is x = cos 6 in the last line. Defining

1
Ce(r) = J 1 dx l(Cp log(1+x)=IPITx) p, (y) (A.1.11)

we observe that .
&) =—i IﬁIJ dx e (Cp 1og(14Hx)=IBITx) 5y p, () (A.1.12)
1
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Now, the recurrence relation
(20 + 1) xPe(x) = (L + 1) Pey1(x) +€Pe1(x), (A.1.13)

for Legendre polynomials can be combined with (A.1.11) and (A.1.12) to deduce the recur-

rence relation
i(20+1) )

Cor1(r) = 7|‘p|(€—|—1)c () — 1

for the ¢;s. By computing the first few of these coefficients explicitly, one soon arrives at

Ce—1(1), (A.1.14)

R jel(Cyp log2—|p|T) e CpTCy) e i(IPlr—Cyp log(ilpl )

Ce(r) = = +0(7 %), (Al.15)
Iplr Iplr

which can easily be proven to solve (A.1.14) for all £ by induction. Note that for C, — 0, this
reproduces the asymptotic expansion for spherical Bessel functions, as expected.

In (A.1.15), we only want contributions which will contribute to the wavefunction as
waves travelling like e!(Ft~1PI™) 5o we discard the second term. Note that this un-wanted
term is perfectly finite; it simply has the wrong scattering behaviour. Plugging the first term
of (A.1.15) into (A.1.10) and then into (A.1.9) gives:

/ 2i E - L
AP (p) = === 8 (1F1 — I5]) Zve p’) lim Rem (p/; 1) ei(IPIT=Co loe (2P

| P 00

(A.1.16)
matching (3.3.24) from the text.

A.2 The probe and classical limits of 5-point amplitudes

In this appendix we describe the probe and classical limits of the 5-point amplitudes in
scalar QED and gravitationally coupled scalars which appear from the classical, weak field
limits of our semiclassical 3-point amplitudes on Coulomb and Schwarzschild backgrounds.
We will first consider the probe limit and show how this is equivalent to a background
field calculation. We then take a further, classical limit, which provides the check on the
semiclassical calculations of Sections 3.4 and 3.5.

We begin with the scalar QED calculation. In vacuum, consider the emission of a photon,
momentum k and helicity n, in the scattering of two charges, one of mass m, momentum
p — p’, the other of mass M, momentum P — P’. We can assume without loss of generality
that P, = MU, asin (3.3.9). The 5-point amplitude Mj5 is easily calculated in scalar QED,
with the result

Ms =ie2Q&*(P' +p' +k—p—P) x
P/ 4+ P p’
(P +P)* _25u_€ p
(P—P’)2 k'p/
+(p < P,p <P,

(p’+p+k)u+%(p%ﬂa—khL (A.2.17)
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Consider the momentum-conserving delta functions. To see how the probe limit arises, we
split these into temporal and spatial pieces:

53(ﬁ'+ﬁ) 6(\/M2+E2—|—ko—po—l\/l) . [=F +K-F. (A.2.18)

We take M to be large, and assume the recoil of that particle is negligible, which quantitatively
means assuming the total momentum transfer { obeys { 2 < M2. This allows us to expand
the square root in the temporal delta function. We similarly expand in powers of { in the full
QED amplitude. The leading order terms are those shown explicitly in (A.2.17), which go as
1/02. The result is, writing ¢, =k, +Pj, — Py

My — 2M83<ﬁ/ -I-E) ﬁ5 ,
2ie?Q
02

s'p/u.p—s'pu.p’ | (A.2.19)

M = §(U- ) R 7

{—5-U+

It can be checked by direct calculation that ﬁ5 is precisely the three-point amplitude (p — p’
with emission of photon k) on a Coulomb background, calculated to leading order in the
background charge Q. The differences between M; and M; are resolved at the level of
physical predictions: the additional 53 and factor of 2M in M3 relative to Mj are absorbed,
in observables, by state normalisation and final state integrals over the heavy particle mo-
mentum, see also [138]. Hence (A.2.19) is indeed the probe limit, physical predictions from
which agree exactly with those obtained in a direct background field calculation.

In our semiclassical approach used in the text, we work to leading nontrivial order in
h. To compare to the perturabtive QED results here, we thus need to identify the leading
classical behaviour of (A.2.19). To do so we recall that massless momenta k scale as h times
classical wavenumber, while continuing to impose that the recoil of the mass M particle is
small compared to its own rest mass. Hence, we write p,, = p,, + q,, in which q also scales
as h to leading order [21]. Taking the classical limit of (A.2.19) is then equivalent to taking a
Taylor expansion in which both k and q are of the same small order. This expansion yields
the leading classical behaviour

2ie?Q . u+U~pq~£_U-qp~£_k-qu-pp-£

[ + k)2 oy kp pp |2

Ms — 5(U-(q+%))
We confirm in the text that this is indeed what is recovered from our WKB analysis.

For gravity, the implementation of the probe and classical limits happens in exactly the
same fashion; the only distinction is the functional form of the 5-point amplitude for graviton
emission from the scattering of two massive scalars. Needless to say, this computation, in
Feynman diagrams, is significantly more complicated than its scalar QED cousin due to the
appearance of the cubic graviton vertex. In this case it is easiest to avoid Feynman diagrams
by employing double copy methods [203], which also allow for the classical limit to be taken
immediately. Employing the same momentum notation as before, the classical 5-point
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graviton emission amplitude is

_ 2 3324 fuv
M5—16M K° & (P/+p/+k—p—P) WX

l4(k~pU“—k~U.p”)(k-puv—k-UpV)—l—élp-U <k~pu(”—k-Up(”> Qv

2 2 A N\2
+<(p~u)2—“;) <Q“Qv—m (k~pu“—k~up“)(k-puV—k-upV))],

(A.2.21)

where

(p—p?p*  CU"
R 2(p’ —p)* —kH - .
Q (P’ —p) p T

Applying the probe limit to this expression, we arrive at (3.5.84) in Section 3.5.

(A.2.22)
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Appendix B

Classical derivation of the waveform

B.1 Classical checks

This appendix contains a classical derivation of the waveforms in electromagnetism and grav-
ity. Schematically, these stem from radiation fields ‘A’ generated by sources ‘]’ representing
particles moving on a background, which take the form

Ao(x) = Jd4y Gret (%, 9) oY) | (B.1.1)

in which the subscript o is a placeholder for any number of vector indices or spin labels. The
retarded Green’s function is the inverse of V2 in a flat or curved background, and is therefore
theory-dependent:

AT g . i
GE/I(X —y)=iOKx —y ) J M@(kﬂ e tk-(x—y) 7 (B.1.2)
2k
aR O —y ) [dkedZky oo e o)
Gret (Xay) = J = ®(k+)7 y (B.1.3)
[E(x)] 2k [E(y)l

in which k,, is on-shell and

Fix,y) =K (x—y)" + k(L (x)x® — EL (y)y?)

K Kk Y
+ 5 (Oan (xR — oo yly®y®) + ot [ dsylls). (B1.4)

2 2k, Jy-

We measure the waveform at future null infinity, hence we write the coordinate x* in the
coordinate system (u,r,X) where v = |x|, x = r& and u = t — r; the asymptotic limit is
reached by taking r — oo at fixed u and angular coordinates X. As long as our measurement
device is not in the beam of the wave (corresponding to % = 1), then we can set the initial

|E(x)| = 1in (B.1.3) to unity. The step function can also be set to unity in the limit. With
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this, the ‘Fourier transformed’ version of (B.1.1) is
dk d%k

Aolx) = ij L (k) (B.1.5)
+

where ], (k) theory-dependent. In the r — oo limit the leading behaviour of this quantity is,
performing a saddle point calculation of the k, integrals as in the text,

1 [*a4 U= R

As(x) ~ J dwe Y5 (wxy,) + cc., (B.1.6)
47tr g

where X, = (1,%) in Cartesian coordinates. We now turn to specifics in electromagnetism

and gravity.

Electromagnetism

In electromagnetism ] is the vector current for a particle moving in a background field,

g = e a2 Xl
Y

Ju(k) =—e o X (] (B.1.7)

where X\, (y) is the particle orbit, and dashes represent derivatives with respect to y~. Note
that this form of the current generates the radiation field; the Coulomb fields from outside
the wave have been subtracted. Substituting into (B.1.6) we obtain the gauge potential of
the radiation field:

Stwu-xxy) L 9 Xuly)

.C. B.1.8
wayx Xy T (B.1.8)

Ap(u,x) ~ — J an e
y
The radiated field strength is F,,, = 29[, A,j which, up to subleading corrections in 1/r, we
can obtain by adding factors of —iwx to the integrand of (B.1.8). The factors of w outside the
exponential cancel in F, allowing us to perform the w-integral to find

1 . e

P (1,%) ~ T Won (0,%) = 5= [ 8(u =% X(y) (B.1.9)
y

- 27r

where ‘~’ denotes equality up to subleading terms in . This exactly the waveform derived
in the text from the classical limit of the quantum result.

Gravity

The gravitational radiation of a massive scalar moving in a background is sourced by the
stress-energy tensor
_ Pu(y)Pv(y)

o 8% 1 (y—X(y)), (B.1.10)
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in which X, (y) is once again the particle orbit and P, (y) = p+XL(y). For convenience we
define Ty = Tyy — 19, T as shorthand for a ‘trace-reversed’ T.y. From the Einstein field
equations, one can derive that the sourced gravitational field satisfies, imposing lightfront
gaugen*h,, =0,

2 2
nynyh*Hgp . (B.1.11)

hu'\/ — —ﬁtuy + ﬁ

in which the modified stress-energy tensor t,. is defined by

~ VT T
ty = K2 [T,W —o—Lt g v(uvv)ag*] . (B.1.12)
+ +

In the notation of (B.1.1), the source ‘]’ is now

-
tuv (k) = 2K2J ' dy eV

Xq

d 1 1 ip2 69880 qp 1
X — | ——=——=( PuaPvpP*PP — Znym? — 5 . , (B.1.13
ay[ |E(y)< e 2 o o) B

where P (k;y~) are the projectors defined in (4.3.28) and

Vi) = | ap S,

(B.1.14)
P+

To arrive at this expression one uses integration by parts to shift the derivatives present in
(B.1.12) onto the propagator. Additionally, we ignore the second term in (B.1.11) since we
are only interested in radiative contributions. See [33] for details. Substituting into (B.1.6)
we obtain an expression for the asymptotic metric perturbation

K2 (O, (Y ertw(u=V(y) 0 iy 1
vl 0) = o | e | Ty S (T T )

+c.c., (B.1.15)

in which the same ‘effective’ energy-momentum tensors defined in (4.3.34) have appeared,
along with with the reduced exponent

. B.1.16
w ’l_c:wfc ( )

From here we form the linearised curvature Rvsp = 20[,0(shy,), With each derivative
introducing a factor of (—i)wx into the integrand. We can then integrate in w to obtain

2

~ K™ . . NV ~ ~
Ruvcp(u,x)~—mx[ux[UJ S(u—V(y ))[D2T3M(u,x)—Dﬂ]p}(u,x)] . (B.117)
Yy

where D is defined in (4.3.36). This confirms the classical limit of our QFT calculations.

121



Appendix C

Properties of the KLT kernel and
backgrounds in twistor space

C.1 ‘Parity’ invariance of the twistor BAS amplitude

Even though massless scalar particles do not have a helicity (i.e., all of them are helicity
zero), the BAS amplitude (6.4.74) is graded by the degree of the holomorphic map to twistor
space, which is traditionally associated with the helicity of the external particles!. A desirable
property of the formula would be that it is ‘parity’ symmetric in the sense that changing the
degree of the map to d = n — d — 2 and interchanging angle and square brackets reproduces
the same quantity.

One can show this following methods similar to [23, 248, 368] by first noting that, when
evaluated on the twistor momentum eigenstates (6.4.76) we have

Ao Mo = .10)
il

where the t; are the scaling parameters associated to each momentum eigenstate in twistor

space. Now, change variables from t; to s; foreachi =1,...,n, where
1
sity = H > (C.1.2)
L4 (1)
it

where the product is over all insertion points j # i. As shown in [23], this transforms the
moduli integral over degree d curves to a moduli integral over degree n — d — 2 curves, up to
a factor

=

st [Tai (C.1.3)
1 j#i

,4.
Il

!In the BAS formula, degree is instead related to the structure of the colour ordering.
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At the same time, the measure in the wavefunctions transforms to

tydty = —@ 1 . (C.1.4)
s3 (ij)?
A

These two Jacobians combine to give the scaling parameter measure s; ds; appropriate to
scalar momentum eigenstates on twistor space. Therefore, all integral measures are invariant
up to a sign, and it remains to be checked that the integrand behaves in the same way.

The prefactor D! will not change, and is already symmetric in the exchange of h and h.
The transformation of the quantities ¢, cf)ij is less trivial. Recall that

by =—tt; [l [] (LG, (C.1.5)

leh\{a,y}

so changing variables to s; gives

[ijl .. 1 1 1y
U} BRI | g olen C16
b5 =5, (U)g il 5 lEl_ﬂ];[ﬁy}(l )GV (C.1.6)
_ Ll 1 1
RECTEA LR i | (17
a,yN\{i} kehU{a,yN\{j}
_ [ij] 1
ECEI | SR (C.L8)

lehUf{a,yN\{i,j}

which, upon also transforming [ij] — (ij), reproduces the structure of —(f)i]-.
A similar calculation for d~>i]~ yields

by = (ij)sisi(ij) ] (QVGY (C.1.9)

leh\{b,t}

under the reparametrisation from t; to s;. Once again, transforming (ij) — [ij] reproduces
—jy; as desired. The overall minus sign cancels the minus sign in the twistor wavefunction.
Thus, we have established that m,, ¢ = mn n—q—2. This fact is used in the proof of Theorem
2 to evaluate the N*~3MHYV amplitudes at the end of the iterative argument.

C.2 Softlimits

In this section we verify that the proposed formula (6.4.74) reproduces the soft limits of
biadjoint scalar amplitudes. Multi-particle soft limits also follow easily as a corrollary of
this derivation. These two results combined verify that there are no unphysical poles in the
proposed formula, as these would present themselves in an anomalous multi-particle soft
factor. This section follows closely the soft analysis in [23] and [368].

We again analyse the amplitude via its tree sub-amplitudes (6.4.78), each of which will
correspond to the equivalent Feynman diagram. We will analyse the limit of sending a leg
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n € h soft, which, by the ‘parity’ invariance shown in Appendix C.1, is the same as sending a
particle in h soft. In the spinor-helicity formalism, we can describe this soft limit as k% — 0
whilst k& stays constant (the holomorphic soft limit), or as k& — 0 whilst k& stays constant
(the anti-holomorphic soft limit). In a scalar theory, the soft limit should not depend on this
choice, so we will verify both.

Holomorphic soft limit: Starting with the holomorphic soft limit, the only dependence
onn is in the associated twistor wavefunctions ¢ (Z(0)) and the quantities ¢,;. Therefore,
we are interested in analysing the singularity structure of

Jdtntnan 11 (nl)2< 11 1) 52 (Kn — tnA(oy)) eltr tlon)nl (C.2.10)
I(

teh\{a,u} eyon VF

where the second product appearing here is over all ‘propagators’ in the primary tree that
contain contributions from particle n, given by

be= ) by, dy=-ttiG) [[ GvGL. (C.2.11)
)

{i,j}CI(E leh\{a,y}

In (C.2.10), the integral over the scaling parameter t,, can be performed against one of the
holomorphic delta functions, leaving

Doy (ab) H 2 1 —((nb> (A(Un)b>> ity [1(on)nl (na)
20n\ad) mu2 ] — 5 _ et lulonnl -y M)
Jo\(an) @? b L e Nina) T Blowa) <?\((Gn) a})
C.2.12

where {a%, b%*} is an arbitrary. choice of (constant) spinor dyad used to decompose the two
holomorphic delta functions.

Since t,, is fixed to be of order k,, by this integration, terms coming from the exponential
in (C.2.12) can be neglected, as they will be subleading in the holomorphic soft expansion.
On the support of the other holomorphic delta functions in the subamplitude (which we
have not written explicitly as they do not contain singular behaviour in the soft limit), the
argument of the remaining holomorphic delta function in (C.2.12) can be rewritten as

' <<nj><ab> ) lwﬁ)b; . <M<fn)b>D | (€2.13)

na)ja)

using (jb)/(j a) — (A(oj) b)/(A(0j) a) = 0 for some j # n. The quantity in the brackets here
is a rational function of 0,, and vanishes when o, — oj. Therefore, we can introduce a new
variable w := (nj), and express the bracketed quantity as w F(w, oj) for some function F that
is regular at w = 0. In terms of this w, the other contributions to (C.2.12) are

ti(na) nil (w— (ij))

dni(w) =— Now) a) _H (w—GU) AL, (C.2.14)
leh\{a,y}
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and the prefactor
[T = J] (w-Gu?2. (C.2.15)

leh\{a,y} leh\{a,y}

The remaining integral in (C.2.12) thus takes the form

J dwf(w)S<WwF(w,Gj)> , (C.2.16)
. (na)(ja)
where (ab) .
flw) = ot J] (w-GW2]] (C.2.17)
Noia? AL L etw)

is a rational function of w.

We now investigate the roots of the argument of the holomorphic delta-function in
(C.2.16) as (nj) — 0. One of these is when w becomes small, of the same order as (n j), whilst
the function F(w, 0j) remains of order unity. The other roots are when F(w, 05) becomes
small. For the latter case, performing the integral will not give us singular behaviour unless
this root is also pole of f(w). However, since f(w) has poles determined by kinematic square
brackets while F(w, ;) only depends on kinematic angle brackets, for generic momentum
configurations these will not have coinciding singular points. Additionally, due to the form
of F(w, 03) from (C.2.13), there is no singularity coming from 1/(A(ow) a) in (C.2.17).

Thus, we need only consider the case where w becomes of order (nj). This leads to a
singularity if ¢ = ¢n; for one of the edges; that is, if the soft scalar n attaches directly to an
external j line. Here

tj (na)njl

leb\{a,y}

Notably we do not get a soft singularity if n does not attach to an external line. If it does
attach to an external line, the particle j is specified a posteriori as corresponding to this line?.

Evaluating the integral (C.2.16) in the limit (nj) — 0, we see that all dependence on
F(w, o) drops out, and we can set w = 0 and o, = 0j in the remaining integrand. The ‘soft
factor’ multiplying the lower-point tree subamplitude with leg n removed is thus

(Aloj) a) 1

tGa)mi)mjl 2k -k’ (C.2.19)

on the support of the holomorphic delta-functions for particle j. Summing over all the
possible trees, we recover the full soft structure of BAS theory at tree-level (cf., [369]).

2If one does not choose j wisely in this way, we can not neglect roots where F(w, 0;) becomes small. This
is because 1/¢,; for i # j has a non-zero pole in w that is independent of square brackets and can therefore
coincide with a root of F(w, o).
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Anti-holomorphic soft limit: The analysis for the anti-holomorphic soft limit, where
k% — 0 whilst keeping k% constant, is much easier as the only dependence on [n j] is trivial
in ¢nj, and is subleading in the twistor wavefunction. The only singularity is again when n
attaches directly to the external leg j, appearing through

1 1 1
— = ] — (C.2.20)
d)n) tnt; nj] (nj) L\ (a,y} myGy

The remaining n-dependence in c[)El is subleading in the anti-holomorphic soft limit and
therefore reduces to the product over edges in the reduced tree with leg n removed. We are
thus interested in the singularity structure of

1 - )
JdtntnDon 11 (nl)2F62(Kn—tn7\(Gn))e‘t" (wlon)nl, (C.2.21)
1€l~1\{a,y} ™

Performing the integral over t,, against one of the holomorphic delta functions and keeping
track of the remaining n-dependence gives

[ _Don (ab) (MY </ (nb)  AGn) D)\ it (wion)n)
JO‘ ) (nj) I iy 5<<na )a>> et i , (C.2.22)

on)a)timjl(na
(on) @) t; Il Leh\{a,y}

(na)

7 Rowa)’

(C.2.23)

as in (C.2.12), but without the extra factors coming from ¢¢ ' which have already simplified
in this anti-holomorphic soft limit.

The exponential terms are subleading because of their dependence on k,,. The remaining
holomorphic delta function cannot be further massaged in this case as there are no small
parameters in which to expand, but its argument can still be localized on the support of
the holomorphic delta functions corresponding to particle j (which we have not written
explicitly). This can be used to set

(C.2.24)

for {a*, b*} again an arbitrary spinor dyad. Collecting factors and applying the Schouten
identity to the argument of the holomorphic delta function gives

1 (Aloj) a) (ny <
= JDGn ey leﬁ]\‘{{y} ETECCHENE (C.2.25)
Recalling the definition (5.2.18)
S((A(on)m)) == % ) (M) , (C.2.26)



we see that an integration-by-parts can be performed in (C.2.25).
In particular, note that given meromorphic functions f and g in z, it follows that

o 2 (f(2) 1 (1

The first term on the left-hand side is a boundary term, equal to the pole at z = oo of
dzf(z)/g(z). If no such pole exists, then

J ) dzf(z) 8(g(z)) = —JC* dz g(lz) 5 (15(12)> ) (C.2.28)

A rational differential form does not have a pole at infinity if it behaves at least as O(z~2) as
z — oo. This is true for our integrand

(A(oj) a) H (n1) 1

G (A(on)n)’ (C.2.29)

leh\{a,y}

with o, playing the role of z, due to A(o, ) being a polynomial of degree d > 1 in o,,, and h
being a set of d + 1 elements.
So finally, (C.2.25) is turned into

1 J (A(oj) a) nl) -, .
—— | Doy 7t — d((nj)). C.2.30
CHE AR TRYCR T ¥ S (6250
leb\{a,y}

The new holomorphic delta function, which emerges after the integration-by-parts, enables
us to set o, = 0}, and then on the support of the holomorphic delta functions for particle
j we can replace A(o;) with k; since the whole expression has balanced homogeneity. This

leaves the final soft factor ) )

il nj) ~ 2pn - py’
where j is the external leg that n attaches to directly in the selected tree subamplitude.
Repeating this for all trees contributing to the formula, we recover the full soft structure of
BAS from the anti-holomorphic soft limit.

The same analysis can be adapted to the case of multi-particle soft limits, verifying that
the amplitude has no unphysical poles. This is in contrast to the scalar blocks constructed
in [311], for which it is easy to see that there are spurious soft singularities that are additionally
dependent on the ‘parity’ of the soft limit taken.

(C.2.31)

C.3 Non-trivial backgrounds in twistor theory

Here we consider generalisations of the previous section to non-trivial backgrounds. In
particular we consider three examples: space-times with a negative cosmological constant,
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self-dual radiative gauge fields, and asymptotically flat self-dual radiative space times. These
reviews are primarily adapted from the papers [232,233,312], which we encourage the reader
to refer to throughout.

C.3.1 AdS,

Twistors naturally encode spacetime in a conformally invariant way. The breaking of this
conformal invariance is done by introducing an additional structure known as the infinity
twistor [26,330] Iag. The conformally flat spacetime metric is

dXap dXAB
ds? = —~22 C.3.32
® 7 (Icp XCD)2 ( )
where XA is a skew bi-twistor corresponding to a point x in spacetime. Let Z;, Z5 be two
points in PT which lie on the line X corresponding to x via the incidence relations. Then

1.&By2 &
XAB =28 = ang) (25 5 TR ). (C.3.33)
—Xx €ap

AdS, corresponds to the choice of infinity twistor and its dual

&p 0 A€ 0
IAB — <€0 Ae B) , IAB = ( O‘XB eo(ﬁ) , (C.3.34)
X

where A < 0 is the cosmological constant, of mass dimension +2. The metric (C.3.32) is

therefore .
_dxggdx®*

(1 +Ax2)?’
written in an affine Minkowski space patch. These coordinates have the advantage of ad-

mitting a smooth flat space A — 0 limit. The boundary is given in these coordinates by the
hypersurface x?> = —1/A. Finally, the twistor space of AdS, is

ds? (C.3.35)

PTA ={Z € P3IapZ® #0}, (C.3.36)

where the excluded subset {Z € P3|1xgZ® = 0} represents the boundary. The infinity twistor
also shows its marks in the contraction of twistor variables

(AB) =1 jA'B/, [CD] =1CDy. (C.3.37)

Zero-rest-mass fields of helicity h in AdS, can still be represented as cohomology classes
HYL(PTA, O(2h — 2)) in twistor space using the Penrose transform. However, the correct
choice of physical states relevant for explicit calculations in AdS; is subtle. Therefore we will
remain agnostic about the precise form of the external states.

The proposed formula for gravitational scattering in AdS4 [312] looks superficially identical
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to the Cachazo-Skinner formula (5.2.33):

Mila _Jd”d hf® det’(H) det” (H ) [z Hﬁj(l(vj)), (C.3.38)

with the main distinction being in the entries of the matrices H, and HY, which are where
the formula is explicitly sensitive to the cosmological constant. The entries of the matrices
are explicitly dependent on the square and angle brackets (C.3.37):

_ v/DoiDoj 0 0 . .
H/\I) - (l]) 6Z( _)7 az(o_]) ) 1,) Ehal#Jv
d G ) (C.3.39)
Haii = — Doy , —, 1ieh.
A )Ezh (ij) [az (o) aZ(oj)LeHﬁ(ll)
i#
a(mn—d—1) x (n—d— 1) matrix as before, and
Z(oi), Z(0o; A S
H/\‘L) <(0—).—'(0—])>7 17]€h’1¢1
<Z((l)”dz( )y (C.3.40)
__\£Loy 03 . T
H/\u_ DGi ) 1€h7

a(d+ 1) x (d + 1) matrix as before. The reduced determinants appearing in (6.5.152) are
defined in the same way as before, by (5.2.30), (5.2.32).

As in Minkowski space, the reduced determinant det’(H{) can still be interpreted as a
resultant, but now for the full map Z : P! — PT 4, ensuring that the entire expression only
has support for holomorphic maps which land inside the twistor space PT . Since all of the
ingredients in the formula (6.5.152) have a smooth flat space limit, in the sense that when
A — 0, the formula reduces to the original Cachazo-Skinner formula (5.2.33)3.

As Yang-Mills theory is classically conformally invariant, the function form of the RSVW
formula should be un-modified on AdS,, with the only imprint of the conformal structure
coming from boundary conditions in the moduli integrals associated with the new hypersur-
face at infinity. Therefore the formula for gluon scattering in AdS, can be similarly proposed
to be

Ak alo) = [ Ana gl PTIo) [T as(z(ow)) [T & 12(0y)) (C.3.41)
i€h j Efl
where a; € H>1(PTA, 9(0)) and a; € H%'(PTx, ©O(—4)) as before.

Of note here is that the precise object that these formulae describe — and indeed what the

form of the external state representatives should be — has not been established. For example,

they could be missing boundary terms such as those that contribute to AdS correlators with
all external particles of the same helicity [331].

30bserve that (6.5.152) is polynomial in A, so it can also be viewed as a formula for graviton scattering in dS4
by simply continuing to A > 0.
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C.3.2 Self-dual radiative gauge fields

There exists a construction in twistor space that describes self-dual gauge fields known as
the Ward correspondence [25]:

Theorem 3 (Ward [25]). There is a one-to-one correspondence between:
e self-dual gauge fields on M, and

¢ holomorphic vector bundles E — PT, with E|x topologically trivial for every twistor line
X = P! corresponding to a pointx € M.

In this subsection, we will use this correspondence to describe self-dual radiative gauge
fields in twistor space. This will then build up to presenting the version of the RSVW formula
on these backgrounds, which will be used in the next chapter.

Self-dual radiative gauge fields are self-dual, source-free, asymptotically flat at past and
future conformal null infinity .# — U .# * = .# and determined by the free characteristic data
ateither .#* or .# —. More concretely, we will consider complex four-dimensional Minkowski
space, M, with metric

ds? = dx**dx y 4. (C.3.42)

A 2-form F decomposes into self-dual (SD) and anti-self-dual parts in four dimensions:
F=F"'+F, «FE = H{F* (C.3.43)

where * is the Hodge star operator of the four-dimensional Minkowski metric. A 2-form F is
SDif F~ = 0. A generic F can be further represented in the 2-spinor formalism as

Faapp = €apFap +€apFap, (C.3.44)
where the SD field strength is encoded by ?c.x 5= F (&) and the ASD field strength is encoded

by Fap = F(«p). In this formalism, the self-duality condition is Fg = 0.

To describe the conformal null infinity .# of Minkowski space, and thus the radiative data,
we conformally compactify the space. This is usually done in terms of the non-homogeneous
retarded coordinates (u, r, ¢, ¢) in which the metric (C.3.42) becomes (see e.g. [370])

5 4dide

ds? = —du® — 2dudr + ——. (C.3.45)
(1+¢C)?

Applying the inversion R = r—! and conformally rescaling the metric we have

d8? - R2ds? — R? du? — 2du dR — —dedC (C.3.46)
(14 ¢Q)?
This gives the degenerate metric on .# = when we take R — 0
4dcdg
ds? =0 xdu?— ——_. (C.3.47)
7 (1+¢0Q)?
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The celestial sphere P! is described in this construction by the non-homogeneous com-
plex coordinates ((, (). Here it will be useful for us to replace these with homogeneous
coordinates [371,372]. We can instead describe Minkowski space-time using the coordinates
(U, 7, Aw, A&) Where A, = (Ag, A1) are holomorphic homogeneous coordinates subject to the
equivalence relation

(W, T, Aa; Aa) ~ (b, [b] 727, bAg, bAg), Vb e C*. (C.3.48)

In terms of these coordinates, the conformal equivalence class of degenerate metrics on
& (conformally related to (C.3.47)) is

ds%. =0 xdu? + DADA,  where DA:= (AdA) == A%dAq. (C.3.49)

Future null infinity .# = = R x S? is therefore described by the projective Bondi coordinates

(1, Ax, A ). Due to the projective weights of (A, A), this gives rise to the line bundles O(p, q) —
%+ whose sections are homogeneous functions f(u, A, A) obeying f(|b|?u, bA, bA) = bPb9f(u, A, A)
foranyb € C*.

An identical analysis can be applied for .# ~ using advanced coordinates (v, ,A, 7).

We will consider a gauge field A in four-dimensional Minkowski spacetime, valued in
the Lie algebra g of a compact gauge group. Using retarded Bondi coordinates (C.3.45), the
fall-off conditions of a gauge field in temporal gauge A,, = 0 mean that restricted to .# © we
have

Aly+ = A%(w, A, A) DA + A% (w, A, A) DA. (C.3.50)

This is pulled back to the projective coordinates (u, A, A), and the weights imply that A° takes
valuesin O(—2,0)®gan.A%in O(0, —2) ® g. Taking the leading parts of the associated 2-form
field strength F at .# * we have the SD and ASD parts

Frlye =0 A%duADA,  F |y =0, A%duADA. (C.3.51)

Restricting now to self-dual fields, we see that the leading part of F*| 7+ is determined by
0, A%, In fact this determines the radiative data for the fully non-linear gauge fields provided
we assume appropriate regularity conditions.

Therefore we define a self-dual radiative gaugle field as a complex radiative gauge field
that is asymptotically flat almost everywhere and determined by its radiative data A°, with
A=0.

The condition of being asymptotically flat almost everywhere arises because it is natural
to include plane waves (reviewed in Chapter 6.1.1) in this definition. These will have a
singularity at one of the points of the celestial sphere corresponding to the null vector n,,.

We can now apply Theorem 3 to self-dual radiative spacetimes. We express the complex
structure on the Ward bundle E — PT in terms of a 0-operators D that takes sections of E
to (0, 1) forms and satisfies D? = 0. This is simply given in terms of the quantities defined
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above, and coordinates Z* = (u*, A\ ) on twistor space as

D=20+a, a=A%(1%Ag, A, A) DA, (C.3.52)

with a valued in End E.

The bundle E is holomorphically trivial. This means that restricting to a line X ¢ PT
corresponding to a spacetime point x, there exists a frame H(x,A,A) : E|x — CT so that
D|xH = 0. In general it’s difficult to find such an H, but when AP takes values in a Cartan
subalgebra hh C g. It can be shown that

alx = dlxg(x,A), (C.3.53)
for some Cartan-valued g(x,A) in O(0, 0). The ‘frame’ H is therefore given by
H(x,A) =exp (—g(x,7)), (C.3.54)

using the exponential map of the gauge group. The spacetime connection associated with
this Cartan valued radiative data is D4 = 0x4 — i Axs Where A 44 is a function on M taking
values in the adjoint of the gauge group and the derivative 94 is with respect to spacetime
points x**, In terms of g(x, A), it can be shown to satisfy

A*Axs = —iA"0xag(x, A) (C.3.55)
which can be solved explicity by
Ou DA 0a
Axalx) == = 3.56
(X(X(X) 27_[ JX <O }\> a}loc X (C )

where o is a reference spinor that amounts to an arbitrary gauge choice.

Having reviewed the twistor theoretic construction of Cartan-valued self-dual radiative
gauge field backgrounds, we can now write down what the scattering amplitudes of gluons
in such a Cartan-valued background. The MHV amplitude can be derived using the MHV
generating functional for gauge theory, as outlined in [232]. For negative helicity gluons r, s
rest positive we have

n n

n— 1 :
M,1lp) = g™ 2(rs)* 1_[1 COrE) JM d*x exp l;(l ki-x+eig(x,ki))| (C.3.57)

im
where e; is the charge of gluon 1 with respect to the colour vector of the Cartan-valued
background, and the particles have external momenta ko5 = KyKg. As was reviewed earlier,
MHYV amplitudes involve an integral over maps Z : P! — PT of degree one. The moduli space
of these maps is M according to the incidence relations, and this gives rise to the spacetime
integral in (C.3.57).

For higher degrees, these formulae are conjectural, but rest on several non-trivial proper-
ties such as the correct flat space and perturbative limits. Recall from the flat space section
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that at N4~ 'MHYV, amplitude formulae for gluons or gravitons are supported on curves of
degree d from P! to PT. Whereas before we trivialised the Ward bundle E — PT on a twistor
line corresponding to each spacetime point x, here we restrict to a curve Z(o) of degree d,
identified with it’s moduli U in the usual way

Z'(0) = Uj,. 5,0% -+ 0% = UJ 4,04 (C.3.58)

aj---aq

On restriction to such a curve, the bundle will (generically) be holomorphically trivial with a
trivialisation H(U, o) defined by D| z(o)H = 0. Just as before (assuming the background is
Cartan-valued), we can find a g(U, o) valued in g so that H(U, o) = exp[—g(U, 0)].

This naturally leads us to the generalisation of the RSVW formula in self-dual radiative
gauge field backgorunds as [232]

An,alpl = j dua [g*PTylp] [T aect 9ot T bjess o(Wor), (C.3.59)
ieg j€Eg

The functions g(U, o) now contain dependence on all the map moduli in the integral. There-
fore in general this formula will have 4d residual integrals not fixed by &-functions. However,
this is still much less than the number of integrations expected for scattering amplitudes
derived using, for example, the perturbiner method.

It should be emphasised that whilst the MHV amplitude (C.3.57) has been proven at tree
level, (C.3.59) is a conjecture, albeit a well-motivated one. Proofs of formulae such as this
usually proceed via analyticity and associated recursion relations. How these methods could
generalise to background formulae is not yet known.

C.3.3 Self-dual radiative spacetimes

Self-dual complexified four-dimensioned spacetimes can be described using twistor theory
through Penrose’s non-linear graviton construction [26]:

Theorem 4 (Penrose [26]). There is a one-to-one correspondence between
e suitably convex regions of Ricci-flat, self dual 4-manifolds (M, gqv), and

* 3-dimensional complex manifolds PT that are complex deformations of a region in
PT, contain a holomorphic CP* with normal bundle O(1) & O(1), have a holomorphic
fibration

n: PT — P! (C.3.60)

and have a holomorphic Poisson structurel up the fibres of T with values in the pullback
ofO(—2) from P!,

In this subsection, we will make use of this correspondence to find formulae for scattering
amplitudes in self-dual radiative spacetimes. The final result will be a version of the Cachazo-
Skinner formula on these backgrounds.
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Self-dual radiative spacetimes are self-dual, source-free, almost everywhere asymptot-
ically flat at past and future conformal null infinity .# — U .#* = .# and determined by the
free characteristic data at either .# * or .# . Self-duality of a metric is encoded in its Weyl
tensor Cqpcq, the traceless component of the Riemann tensor given by

1 1
Cabea = Rabcd+§(Radgbc_Racgbd+Rbc9ad_Rbd9ac)+6R(9ab9cd_9ad9bd)- (C-3-61)

Using the 2-spinor formalism, the Weyl tensor decomposes into its SD and ASD parts [373]
C“é‘ﬁf3VY55 :Wéq'syéecxﬁ €vs +ch[3y6€d[3€yg (C.3.62)

with ¥ &pvs corresponding the the SD part C Foea» and Wy py s corresponding to the ASD part
Cpca- Aself dual spacetimes therefore corresponds to one where W55 = 0.

Using the same retarded coordinates (u, 1, A, A) as in the previous subsection, an asymp-
totically flat metric in Bondi-Sachs gauge [374,375] admits a large-r expansion

T

ds? = 2dudr— 2 [ DADA— ZDA2 — Tpaz | 4 [ L o™B gy
T T (AA)
— du(06’ DA + 30 DA) + O(r 1. (C.3.63)

Here DA := (AdA), DA :== [AdA] and 8, d are the spin-weighted covariant derivatives on the
sphere. All other quantities are functions of (1, A, A) with projective weights. The Bondi mass
aspect mg is valued in O(—3, —3), whereas the asymptotic shear optical scalars o, a° are
valued in O(—3, 1) and O(1, —3) respectively.

Again rescaling with the conformal factor R = r~! we have the leading behaviour

ds? = R%ds? = —2dudR — DADA + Ra"DA? + RaDA? + O(R?). (C.3.64)

It can be shown that taking 0" = 0 corresponds to an asymptotically self-dual spacetime.
A self-dual radiative space-time is then a complex radiative spacetime determined by its
raditive data 6, with ¥ = 0. In particular this means that mg — 0 asu — +oo.

A useful quantity in the next discussions will be the news function

N(u, A\, A) = —3.& (u, A, A) (C.3.65)

on . *. This encodes the energy-momentum radiated through .# * via the Bondi mass-loss
theorem [375].

In contrast to the gauge theory case, we will immediately consider scattering at generic
N4~IMHV degree. The twistorial description of self-dual radiative spacetimes, following
Penrose’s non-linear graviton construction in Theorem 4, involves a deformation of the
complex structure on P7J in terms of the Dolbeault operator

V =0+ a6 DA aifx (C.3.66)
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Additionally, we will use the holomorphic frame of the self-dual spinor bundle on the SD
radiative spacetime H*P (x, A). This is a holomorphic trivialisation of the SD spin connection
on the manifold M, and given by

BlxH%y (%, A) = A%A 5 HP (x,A) Nix DA, (C.3.67)

where this is evaluated on the twistor line (of degree one) X in PT corresponding to each
space-time point x.

At higher degrees, we generalise this notion to higher degree curves Z(o), parametrised
by a coordinate on P!. Parametrising these curves by a collection of moduli U,, as before,
the frame satisfies

OH%, (U, 0) = A%(0)A4 (o) HP (U, 0) N(0) DA(0). (C.3.68)

The N4~'MHV scattering amplitude of gravitons in a self-dual radiative spacetime is
conjectured to be given by [233]

n—d—3
Mua= Y Y| dualifdet’) [Tnulzio) [Thy(2zioy)
t=0 Pi,,Pt ich jeh
t

- N(Pm—2) QPm
x| TT Dow A DA(owm) (Om) o | det’(30) (C.3.69)

Pm! o™

m=1 e=0

Here, the sum over t = 0,...,n — d — 3 indexes the number of tail contributions to the
amplitude, where external gravitons scatter off the background curvature leading to graviton-
background and background-background interactions. Each index p,, form =1,... tis

summed over all values greater than two, and encodes how many times a given background
insertion contributes to the amplitude. These background insertions appear through

ak+1

N (o) = (U, A(0m), A(om)) : (C.3.70)

T A k4L o
ouk+ u=[p(om) A(om)]

the k-times differentiated news function of the SD radiative background.

The matrix H is unchanged from Minkowski space due to the self-duality of the back-
ground. However, the matrix H in the Cachazo-Skinner formula is replaced bya (n +t —d —
1) x (n+t—d — 1) matrix J, with entries dependent on the background insertions. These
are given by

KKyl .
j{l)— (l]) ) 17'&) (C.3.71)
(K3 K] (15)
Hip =— = | = 3.72
2y L (C.3.72)
jehUt\{i} leh

where the indices 1, j take values in the set h Ut and t is the set of background insertions. The
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‘dressed momentum’ is defined dependendent on whether it corresponds to a particle or a
background insertion as

- g 1Eh (C.3.73)
ie; HPY(U, 0y) Agloi) iet.
The reduced determinant det’ is then defined just as before by removing a row and column
and dividing by the appropriate Vandermonde determinant.

Whilst this formula has not been proven for generic degrees (as there are no recursive
arguments based on analyticity in curved spacetimes), at d = 1, it has been proven using the
MHYV generating functional for gravity. It also passes non-trivial checks such as flat space
and perturbative limits.
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