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Lay summary

Black holes are some of the most beguiling objects in theoretical physics. Their
interiors, shrouded by the cloak of the inescapable event horizon, will always
remain one of the least understood environments in modern science. Yet, from
the perspective of a (very) safely removed external observer, black holes are
remarkably simple objects. So simple in fact that any classical black hole in
our leading theory of gravity, general relativity, is exactly specified by just
three parameters: its mass, charge and angular momentum. This sparsity of
information leads physicists to say that black holes “have no hair”, in contrast
to “hairy” bodies, such as stars and PhD students, which unfortunately cannot

be exactly identified by three numbers.

Black holes” “no hair” constraints are maybe more reminiscent of the description
of fundamental particles, which are catalogued by their mass, charge and quantum
spin, than extended bodies with complicated physiognomies. Yet astronomers
readily observe influences on the propagation of light, the motion of stars and
the structure of galaxies that are precisely predicted by black hole solutions.
Moreover, general relativity predicts that black holes can interact and merge with
each other. Such interactions take the form of a long courtship, performing a well
separated inspiral that steadily, but inescapably, leads to a final unifying merger
under immense gravitational forces. These interactions do not happen in isolation
from the rest of the universe. They are violent, explosive events which release

enormous amounts of energy, exclusively in the form of gravitational waves.

The frequent experimental detection of these signals from distant black hole
mergers marks the beginning of a new era of observational astronomy. Yet
despite the enormous total energy released, gravitational wave signals observable
on Earth are very, very faint. In addition to advanced instrumentation, extracting
these clean whispers from the background hubbub of our messy world requires

precise predictions from general relativity, so as to filter out meaningful signals



from noise. The difficulty of performing these calculations means that they
are rapidly approaching the point of becoming the largest source of errors in
experiments; promoting gravitational wave astronomy to a precision science now

depends on improving theoretical predictions.

This has motivated the development of novel ways of looking at gravitational
dynamics, and one such route has been to adopt methods from particle physics.
Modern particle collider programmes have necessitated the development of
an enormous host of theoretical techniques, targeted towards experimental
predictions, which have enabled precision measurements to be extracted from
swathes of messy data. These techniques focus on calculating scattering
amplitudes: probabilities for how particles will interact quantum mechanically.
These techniques can be applied to gravity provided that the interactions are
weak, and astonishingly theorists have found that they can facilitate precise
predictions for the initial inspiral phase of black hole coalescence. This is a

relatively new line of research, and one which is growing rapidly.

This thesis is a small part of this endeavour. It is focussed on obtaining on-shell
observables, relevant for black hole physics, from quantum gravity. An on-shell
quantity is one that is physical and directly measurable by an experimentalist,
such as the change in a body’s momentum. Scattering amplitudes are also on-
shell, in the sense that they underpin measurable probabilities. We will be
interested in direct routes from amplitudes to observables, which seems like an
obvious path to choose. However, many of the techniques in a theorist’s toolbox
instead involve going via an unmeasurable, mathematical midstep which contains
all physical data needed to make measurable predictions. One example is the
gravitational potential: one cannot measure the potential directly, but it contains

everything needed to make concrete predictions of classical dynamics.

Much of the power of modern scattering amplitudes comes from their reliance on
physical, on-shell data. This thesis will show that a direct map to observables
opens new insights into the physics of classical black holes. In particular,
we can make the apparent similarity between fundamental particles and black
holes concrete: certain scattering amplitudes are the on-shell incarnation of
the special “no hair” constraint for black holes. This relationship is beautiful
and provocative. It opens new practical treatments of spinning black holes in
particular, and to this end we will use unique complex number properties of
these solutions, combined with quantum mechanics, to obtain powerful classical

descriptions of how spinning black holes interact with one another.
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Abstract

On-shell methods are a key component of the modern amplitudes programme. By
utilising the power of generalised unitarity cuts, and focusing on gauge invariant
quantities, enormous progress has been made in the calculation of amplitudes
required for theoretical input into experiments such as the LHC. Recently, a
new experimental context has emerged in which scattering amplitudes can be of
great utility: gravitational wave astronomy. Indeed, developing new theoretical
techniques for tackling the two-body problem in general relativity is essential for
future precision measurements. Scattering amplitudes have already contributed
new state of the art calculations of post-Minkowskian (PM) corrections to the

classical gravitational potential.

The gravitational potential is an unphysical, gauge dependent quantity. This
thesis seeks to apply the advances of modern amplitudes to classical gravitational
physics by constructing physical, on-shell observables applicable to black hole
scattering, but valid in any quantum field theory. We will derive formulae for the
impulse (change in momentum), total radiated momentum, and angular impulse
(change in spin vector) from basic principles, directly in terms of scattering

amplitudes.

By undertaking a careful analysis of the classical region of these observables, we
derive from explicit wavepackets how to take the classical limit of the associated
amplitudes. These methods are then applied to examples in both QED and QCD,
through which we obtain new theoretical results; however, the main focus is on
black hole physics. We exploit the double copy relationship between gravity and
gauge theory to calculate amplitudes in perturbative quantum gravity, from whose

classical limits we derive results in the PM approximation of general relativity.

Applying amplitudes to black hole physics offers more than computational power:

in this thesis we will show that the observables we have constructed provide
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particularly clear evidence that massive, spinning particles are the on-shell avatar
of the no-hair theorem. Building on these results, we will furthermore show that
the classically obscure Newman—Janis shift property of the exact Kerr solution can
be interpreted in terms of a worldsheet effective action. At the level of equations
of motion, we show that the Newman-Janis shift holds also for the leading
interactions of the Kerr black hole. These leading interactions will be conveniently
described using chiral classical equations of motion with the help of the spinor
helicity method familiar from scattering amplitudes, providing a powerful and

purely classical method for computing on-shell black hole observables.
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Chapter 1

Introduction

The dawn of gravitational wave astronomy, heralded by the binary black hole and
neutron star mergers detected by the LIGO and VIRGO collaborations [5H9], has
opened a new observational window on the universe. Future experiments offer
the tantalising prospect of unprecedented insights into the physics of black holes,
as well as neutron star structure, extreme nuclear matter and general relativity
itself. Theorists have a critical role to play in this endeavour: to access such
insights, an extensive bank of theoretical waveform templates are required for

both event detection and parameter extraction [10].

The vast majority of accessible data in a gravitational wave signal lies in
the inspiral regime. This is the phase preceding the dramatic merger, in
which the inspiralling pair coalesce and begin to influence each other’s motion.
The two bodies remain well separated, and one therefore can tackle their
dynamics perturbatively: we can begin by treating them as point particles, and
then increase precision by calculating corrections at higher orders in a given
approximation. For an inspiral with roughly equal mass black holes the most
directly applicable perturbative series is the non-relativistic post—Newtonian (PN)
expansion, where one expands in powers of the bodies” velocities v. Meanwhile
the post-Minkowskian (PM) expansion in powers of Newton’s constant G is fully
relativistic, and thus more naturally suited to scattering interactions; however, it
makes crucial contributions to precision inspiral calculations [I1]. Finally, when
one black hole is far heavier than the other a self-force expansion can be taken
about the test body limit, expanding in the mass ratio of the black holes but
keeping v and G to all orders.



Although simple in concept, the inherent non-linearity of general relativity
(GR) makes working even with these approximations an extremely difficult
task. Yet future prospects in gravitational wave astronomy require perturbative
calculations at very high precision [12]. This has spawned interest in new
techniques for solving the two-body problem in gravity and generating the
required waveforms. Such techniques would complement methods based on
the ‘traditional’ Arnowitt—Deser—Misner Hamiltonian formalism [I3HI16], direct
post—Newtonian solutions in harmonic gauge [17], long-established effective-one-
body (EOB) methods introduced by Buonnano and Damour [I8-21], numerical-
relativity approaches [22] 23], and the effective field theory approach pioneered
by Goldberger and Rothstein [24-26].

Remarkably, ideas and methods from quantum field theory (QFT) offer a
particularly promising avenue of investigation. Here, interactions are encoded
by scattering amplitudes. Utilising amplitudes allows a powerful armoury of
modern on-shell method&ﬂ to be applied to a problem, drawing on the success
of the NLO (next-to-leading order) revolution in particle phenomenology. An
appropriate method for extracting observables relevant to the problem at hand
is also required. The relevance of a scattering amplitude — in particular, a loop
amplitude — to the classical potential, for example, is well understood from
work on gravity as an effective field theory [29H39]. There now exists a panoply
of techniques for applying modern amplitudes methods to the computation of
the classical gravitational potential [40H53], generating results directly applicable
to gravitational wave physics [54H69]. By far the most natural relativistic
expansion from an amplitudes perspective is the post—Minkowskian expansion
(in the coupling constant): indeed, amplitudes methods have achieved the first
calculations of the 3PM [57] and 4PM [69] potential. Furthermore, it is possible
to use analytic continuation to obtain bound state observables directly from the

scattering problem [70, [71].

The gravitational potential is a versatile tool; however it is also coordinate, and
thus gauge, dependent. The conservative potential also neglects the radiation
emitted from interactions, leading to complications at higher orders. Amplitudes
and physical observables, meanwhile, are on-shell and gauge-invariant, and should
naturally capture all the physics of the problem. Direct maps between amplitudes
and classical physics are well known to hold in certain regimes: for example,

the eikonal exponentation of amplitudes in the extreme high energy limit has

1See [27) 28] for an introduction.



long been used to derive scattering angles [72H92]. Furthermore, calculating
amplitudes in the high energy regime exposes striking universal features in
gravitational scattering [91], 03] 94]. Meanwhile, a careful analysis of soft limits of
amplitudes with massless particles can extract data about both classical radiation
[95H102] and radiation reaction effects [92]. Calculations with radiation can
also be accomplished in the eikonal formalism [76], but have proven particularly
natural in classical worldline approaches, whereby one applies perturbation theory
directly to point-particle worldlines rather than quantum states [T03H115]. Using
path integrals to develop a worldline QFT enables access to on-shell amplitudes
techniques in this context [116], 117], and this method has been used to calculate
the NLO current due to Schwarzschild black hole bremsstrahlung.

We know how to extract information about classical scattering and radiation from
quantum amplitudes in a gauge invariant manner — but only in specific regimes.
It is therefore natural to seek a more generally applicable, on-shell mapping
between amplitudes and classical observables: this will form the topic of the first
part of this thesis. We will construct general formulae for a variety of on-shell
observables, valid in any quantum field theory and for any two-body scattering
event. In this context we will also systematically study how to extract the classical
limit of an amplitude, developing in the process a precise understanding of how to
use quantum amplitudes to calculate observables for classical point-particles. We
will show that by studying appropriate observables, expressed directly in terms
of amplitudes, we can handle the nuances of the classical relationship between
conservative and dissipative physics in a single, systematic approach, avoiding
the difficulties surrounding the Abraham—Lorentz—Dirac radiation reaction force
in electrodynamics [I18-122]. First presented in ref. [1], the formalism we will
develop has proven particularly useful for calculating on-shell observables for
black hole processes involving classical radiation [2, [100] 116, 123-127] and spin
[3, 128-134]. Wider applications also exist to other aspects of classical physics,
such as the Yang-Mills-Wong equations [2, [135] and hard thermal loops [136].

Even the most powerful QFT techniques require a precise understanding of how
to handle the numerous subtleties involved in taking the classical limit and
accurately calculating observables. The reader may therefore wonder whether
the philosophy of applying quantum amplitudes to classical physics really offers
any fundamental improvement — after all, there are many concurrent advances in
our understanding of the two-body problem arising from alternative calculational

methods. For example, information from the self-force approximation can provide



extraordinary simplifications directly at the level of classical calculations [137-
143]. Aside from the fact that amplitudes methods have achieved state-of-the-art
precision in the PM approximation [57, [69, 127], such a sweeping judgement
would be premature, as we have still yet to encounter two unique facets of the

amplitudes programme: the double copy, and the treatment of spin effects.

1.0.1 The double copy

An important insight arising from the study of scattering amplitudes is that
amplitudes in perturbative quantum gravity are far simpler than one would
expect, and in particular are closely connected to the amplitudes of Yang—Mills
(YM) theory. This connection is called the double copy, because gravitational
amplitudes are obtained as a product of two Yang-Mills quantities. One can
implement this double copy in a variety of ways: the original statement, by
Kawai, Lewellen and Tye [144] presents a tree-level gravitational (closed string)
amplitude as a sum over terms, each of which is a product of two tree-level
colour-ordered Yang—Mills (open string) amplitudes, multiplied by appropriate
Mandelstam invariants. More recently, Bern, Carrasco and Johansson [145] [146]
demonstrated that the double copy can be understood very simply in terms of
a diagrammatic expansion of a scattering amplitude. They noted that any tree-
level m-point amplitude in Yang—Mills theory could be expressed as a sum over

the set of cubic diagrams T,
An=9g""2) A (1.1)

where A; are the propagators, n; are gauge-dependent kinematic numerators,
and ¢; are colour factors which are related in overlapping sets of three by Jacobi
identities,

catcgte,=0. (1.2)

The colour factors are single trace products of SU(N) generators T, normalised
such that tr(7T°T") = §*. Remarkably, BCJ found that gauge freedom makes
it possible to always choose numerators satisfying the same Jacobi identities
[147]. This fundamental property is called colour-kinematics duality, and has

been proven to hold for tree-level Yang—Mills theories [147].



When colour-kinematics duality holds, the double copy then tells us that

e ()

is the corresponding m-point gravity amplitude, obtained by the replacements
R -

Here k = /327G is the appropriate gravitational coupling, and 7; is a distinct
second set of numerators satisfying colour-kinematics duality. The choice of
numerator determines the resulting gravity theory. To obtain gravity the original
numerators are chosen, and thus amplitude numerators for gravity are simply
the square of kinematic numerators in Yang-Mills theory, provided that colour-

kinematics duality holds.

One complication is that regardless of the choice of n;, the result is not a pure
theory of gravitons, but instead is a factorisable graviton multiplet. This can
easily be seen in pure Yang—Mills theory, where the tensor product A* @ AV ~
Pq D B* @ h*¥ leads to a scalar dilaton field, antisymmetric Kalb-Ramond axion
and traceless, symmetric graviton respectively. In 4 dimensions the axion has

only one degree of freedom, so its field strength H*** = 9l B*?! can be written as
1
HM"P = 56“””"80@ (1.5)

with ( representing the single propagating pseudoscalar degree of freedom. There
any many possible ways to deal with the unphysical axion and dilaton modes and
isolate the graviton degrees of freedom [148] — we will see some such methods
in the course of the thesis. However, the main point here is that Einstein gravity

amplitudes can be determined exclusively by gauge theory data.

This modern formulation of the double copy is particularly exciting as it has
a clear generalisation to loop level; one simply includes integrals over loop
momentum and appropriate symmetry factors. A wealth of non-trivial evidence
supports this conjecture — for reviews, see [148], [149]. The work of BCJ suggests
that gravity may be simpler than it seems, and also more closely connected
to Yang—Mills theory than one would guess after inspecting their Lagrangians.
Here our simple presentation of colour-kinematics duality was only for tree level,
massless gauge theory. However, the double copy can be applied far more

generally: it forms bridges between a veritable web of theories, for both massless



and massive states [I50H153].

Since perturbation theory is far simpler in Yang—Mills theory than in standard
approaches to gravity, the double copy has revolutionary potential for gravita-
tional physics. Indeed, it has proven to be the key tool enabling state-of-the-art
calculations of the PM potential from amplitudes [57, 59, 69]. Furthermore, it has
also raised the provocative question of whether exact solutions in general relativity
satisfy similar simple relationships to their classical Yang—Mills counterparts,
extending the relationship beyond perturbation theory. First explored in [154],
many exact classical double copy maps are now known to hold between classical
solutions of gauge theory and gravity [131) 133 134, 155-HI86], even when there

is gravitational radiation present [I87].

To emphasise that the classical double copy has not been found simply for esoteric
exact solutions, let us briefly consider the original Kerr—Schild map constructed
in [I54]. Kerr—Schild spacetimes are a particularly special class of solutions

possessing sufficient symmetry that their metrics can be written

Guv = N + SDkukV ) (16)

where ¢ is a scalar function and k, is null with respect to both the background

and full metric, and satisfies the background geodesic equation:
9" kuk, = n"kk, =0, k-0k,=0. (1.7)

The symmetries of this class of spacetime ensure that the (mixed index placement)
Ricci tensor is linearised. It was proposed in [I54] that for such spacetimes there

then exists a single copy gauge theory solution,
Al =k, (1.8)

where ¢* is a classical colour charge. This incarnation of the double copy is
therefore enacted by replacing copies of the classical colour with the null vector

k,, in analogue to the BCJ amplitude replacement rules.

s

The crucial importance of the Kerr—Schild double copy is that it encompasses
both Schwarzschild and Kerr black holes. Both (exterior) spacetime metrics can

be written in the compact Kerr—Schild form, with respective data [154]

2GM T
@Schwz(r) = r > k= <17 7) (19)



for Schwarzschild, where r? = x?; and

2GMr

err ~70 = =5 . 9 __ o> k=11
Pxcen(7 6) 72 4 a? cos? § (

T +ay TY— ax z> (1.10)

TP P 4a?r

for Kerr, where the parameter a is the radius of the Kerr singularity about the z
axis. This key parameter is the norm of a pseudovector a* which fully encodes
the spin of the black hole, the spin vector. It is important to note that in the

Kerr case (7,0) are not the usual polar coordinates, instead satisfying

PR 2
72 +a? 72

~1 (1.11)

and z = rcosf. The corresponding gauge theory single copies are then given by
equation . The Schwarzchild single copy is simply a Coulomb charge. The
Kerr single copy meanwhile is a disk of uniform charge rotating about the z, axis
whose mass distribution exhibits a singularity at z* +y? = a? [154]. We will refer
to this unique charged particle by its modern name, vKerr [129].

The vKerr solution was first explored by Israel in [I88], and will be of great
interest for us in the second part of the thesis: its double copy relation to
Kerr ensures that the structure and dynamics of Kerr in gravity are precisely
mirrored by the behaviour of v/Kerr in gauge theory, where calculations are often
simpler. This is particularly important in the context of the second key area in
which applying amplitudes ideas to black hole interactions can offer a significant

computational and conceptual advantage: spin.

1.0.2 Spin

The astrophysical bodies observed in gravitational wave experiments spin.
The spins of the individual bodies in a compact binary coalescence event
influence the details of the outgoing gravitational radiation [10], and moreover
contain information on the poorly-understood formation channels of the binaries
[189]. Measurement of spin is therefore one of the primary physics outputs of

gravitational wave observations.

Any stationary axisymmetric extended body has an infinite tower of mass-
multipole moments Z, and current-multipole moments J,, which generally
depend intricately on its internal structure and composition. In the point-

particle limit it is thus the multipole structure of the body which accurately



identifies to an observer whether that object is a neutron star, black hole or
other entity. Incorporating spin multipoles into the major theoretical platform
for these experiments, the EOB formalism [I8 [19], is well established in
the PN approximation [21], T90H196], and has also been extended to the PM
approximation by means of a gauge-invariant spin holonomy [197]. This has
been used to compute the dipole (or spin-orbit) contribution to the conservative
potential for two spinning bodies through 2PM order [198]. Calculating higher-
order PN spin corrections has been a particular strength of the effective field
theory treatment of PN dynamics [24], [T99-207], while self-force data has also
driven independent progress in this approximation [208-H210]. EFT progress in
the handling of spin has also recently been extended to the PM series, yielding the
first calculation of finite-size effects beyond leading-order [211]; moreover, these

results can be mapped to bound observables by analytic continuation 70} [71].

A common feature of all of these calculations is that they are significantly more
complicated than the spinless examples considered previously, and moreover are
nearly unanimously restricted to the special case where the spins of the bodies

are aligned with each other.

The black hole case is special. For a Kerr black hole, every multipole is determined
by only the mass m and spin vector a*, through the simple relation due to Hansen
212,

T+ iJy = m(ia)" . (1.12)

This distinctive behaviour is a precise reflection of the no-hair theorem [213H215],
which ensures that higher multipoles are constrained by the dipole. This simple
multipole structure is also reflected in the dynamics of spinning black holes — for
example, remarkable all-spin results are known for black hole scattering at leading
order in both the PN and PM approximations [216H218]; aligned-spin black hole

scattering was also considered at 2PM order for low multipoles in [219].

Moreover, over the last few years it has become increasingly apparent that an
on-shell expression of the no-hair theorem is that black holes correspond to
manimal coupling in classical limits of quantum scattering amplitudes for massive
spin s particles and gravitons. Amplitudes for long-range gravitational scattering
of spin 1/2 and spin 1 particles were found in [39, 220] to give the universal
spin-orbit (pole-dipole level) couplings in the post-Newtonian corrections to the
gravitational potential. Further similar work in [221], up to spin 2, suggested
that the black hole multipoles up to order £ = 2s are faithfully reproduced



from tree-level amplitudes for minimally coupled spin s particles.

Such amplitudes for arbitrary spin s were computed in [222], by adopting the
representation of minimal coupling for arbitrary spins presented in [223] using
the massive spinor-helicity formalism—see also [224, 225]. Those amplitudes were
shown in [124] 226] to lead in the limit s — oo to the two-black-hole aligned-spin
scattering angle found in [218] at first post-Minkowskian order and to all orders
in the spin-multipole expansion, while in [227] they were shown to yield the
contributions to the interaction potential (for arbitrary spin orientations) at the
leading post-Newtonian orders at each order in spin. Meanwhile in [132] 22§]
amplitudes for arbitrary spin fields were combined with the powerful effective
theory matching techniques of [47] to yield the first dipole-quadrapole coupling
calculation at 2PM order. Methods from heavy quark effective theory [153] 229,
230] and quantum information [231] have also proven applicable to spinning black
hole scattering, the former leading to the first amplitudes treatment of tidal effects

on spinning particles [232].

To replicate the behaviour of Kerr black holes, the massive spin s states in
amplitudes must be minimally coupled to the graviton field, by which we
mean that the high energy limit is dominated by the corresponding helicity
configuration of massless particles [223]. This has been especially emphasised
in [227], where, by matching at tree-level to the classical effective action of Levi
and Steinhoff [203], it was shown that the theory which reproduces the infinite-
spin limit of minimally coupled graviton amplitudes is an effective field theory
(EFT) of spinning black holes. It can be explicitly shown that any deviation from
minimal coupling adds further internal structure to the effective theory [233H235],

departing the special black hole case.

Applying amplitudes methods to the scattering of any spinning object, black hole
or otherwise, we face the familiar problem of requiring an appropriate observable
and precise understanding of the classical limit. When the spins of scattering
objects are not aligned there no longer exists a well defined scattering plane,
and thus the most common observable calculated from classical potentials, the
scattering angle, becomes meaningless. We shall therefore apply the methods
developed in Part Il to quantum field theories of particles with spin, setting up
observables in terms of scattering amplitudes which can fully specify the dynamics
of spinning black holes. When the spins are large these methods are known to
exactly reproduce established 1PM results [128, 218].



After systematically dealing with the classical limit of quantum spinning particles,
we will apply insights from amplitudes to the classical dynamics of Kerr and its
single copy, vKerr. We will utilise the fact that the beautiful relationship between
Kerr black holes and minimally coupled amplitudes goes far deeper than simply
being a powerful calculational tool. Amplitudes can explain and reveal structures
in general relativity that are obscured by geometrical perspectives: for example,

the double copy.

Another key example in the context of spin is the fact, first noted by Newman and
Janis in [236], that the Kerr metric can be obtained from Schwarzschild by means
of a complex coordinate transformation. This is easy to see when the metrics are

in Kerr—Schild form: take the data for Scwharzschild in equation (1.10). Under

the transformation z — 2z + ia,
r? = 1?4+ 2iaz — a®
2,2 (1.13)
=7 — —— + 2iar cos ) = (7 + iacosf)?,
T

where the Kerr radial coordinate 7 is defined in equation ({1.11)). Hence under

2z — z + ia we have that r — 7 + ia cos #, and moreover,

©sehwz (1) = 2GM Re {1}

r r—7+ia cos 6
1.14
2G M7 ( )

= = err NJ 0).
(72 + a? cos? 0) Prcen (7 0)

In other words, the Kerr solution looks like a complex translation of the
Schwarzschild solution [237]. Clearly the same shift holds in the gauge theory
single copies. This is but one example of complex maps between spacetimes;
further examples were derived by Talbot [238], encompassing the Kerr—Newman
and Taub-NUT solutions.

A closely related way to understand these properties of classical solutions is
to consider their Weyl curvature spinor W. For example, with appropriate

coordinates the NJ shift applies exactly to the spinor:
\IjKerr(x) — quchwarzschild (.ZE + ZCZ) 7 (115)

Similarly, in the electromagnetic v/ Kerr case [236] it is the Maxwell spinor ¢ that
undergoes a shift:
¢\/Kerr(x) — ¢Cou10mb(x + Za) ) (].].6)
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Therefore, v/Kerr is a kind of complex translation of the Coulomb solution.

Although these complex maps are established classically, there is no geometric
understanding for why such a complex map holds. However, this is not the
case from the perspective of amplitudes — it was explicitly shown in [129]
that the Newman—Janis shift is a simple consequence of the the exponentiation
of minimally coupled amplitudes in the large spin limit. The simplicity
of minimally coupled amplitudes has since been utilised to explain a wider
range of complex mappings between spacetime and gauge theory solutions
[130, 131], 174], 239], culminating in a precise network of relationships constructed
from the double copy, Newman—Janis shifts and electric-magnetic duality [133].

These investigations have relied on the on-shell observables we will introduce in
Part (I [1].

Inspired by the insights offered by amplitudes, we will adopt the complex
Newman—Janis shift as a starting point for investigating the classical dynamics
of these unique spinning objects. In particular, we will show that interacting
effective actions for Kerr and v/Kerr, in the vein of Levi and Steinhoff [203], can
be interpreted as actions for a complex worldsheet. We will also apply the power
of the massive spinor helicity representations of ref. [223] to classical dynamics,
rapidly deriving on-shell scattering observables for Kerr and v/Kerr from spinor
equations of motion. Although working purely classically, our methodology and

philosophy will be entirely drawn from amplitudes-based investigations.

1.1 Summary

To summarise, the structure of this thesis is as follows. Part [I| is dedicated
to the construction of on-shell observables which are well defined in both
classical and quantum field theory. We begin in chapter [2| by setting up single
particle quantum wavepackets which describe charged scalar point-particles in
the classical limit. In chapter [3| we then turn to descriptions of point-particle
scattering by considering our first observable, the impulse, or the total change
in the momentum of a scattering particle. We derive general expressions for
this observable in terms of amplitudes, and undertake a careful examination of
the classical limit, extracting the rules needed to pass from the quantum to the
classical regime. In chapter 4] we introduce the total radiated momentum and

demonstrate momentum conservation and the automatic handling of radiation
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reaction effects in our formalism. We introduce spin in part [T, which is concerned
with spinning black holes. In chapter [5| we construct on-shell observables in QFT
for spinning particles, reproducing results for Kerr black holes after considering in
detail the classical limit of amplitudes with finite spin. We then return to classical
dynamics in chapter [6] using insights from structures in on-shell amplitudes to
uncover worldsheet effective actions for vKerr and Kerr particles. We finish by
discussing our results in [7] Results in chapters [2] [3] and (4] were published in
refs. [1, 2], chapter [f] is based on [3], and chapter [f] appeared in [4].

1.1.1 Conventions

In all the work that follows, our conventions for Fourier transforms are

f@) = [ Fwe . flo = [der@en.

We will consistently work in relativistically natural units where ¢ = 1, however
we will always treat h as being dimensionful. We work in the mostly minus metric
signature (4, —, —, —), where we choose €y23 = +1 for the Levi-Civita tensor.
We will occasionally find it convenient to separate a Lorentz vector x* into its
time component z° and its spatial components x, so that z* = (z°, z%) = (2°, ),
where 1 =1, 2, 3.

For a given tensor X of higher rank, total symmmetrisation and antisymmetri-

sation respectively of tensor indices are represented as usual by

1
Xl LX) = — (XXX XXX )

T (1.18)
X[.U‘l.”XHn}:E(X,U»IX,U»Q.”X,U%_XHZXHlH'XMn_F_”).

Finally, our definition of the amplitude will consistently differ by a phase factor
relative to the standard definition used for the double copy. Here, in either gauge

theory or gravity

iA(pr,p2 = 1+ ¢, p2 —q) = Z (Feynman diagrams) , (1.19)

whereas in the convention used in the original work of BCJ [145] [146] the entire
left hand side is defined as the amplitude.
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Part 1

Classical observables from

quantum field theory
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Chapter 2

Point-particles

On-shell amplitudes in quantum field theory are typically calculated on a basis
of plane wave states: the context of the calculation is the physics of states with
definite momenta, but indefinite positions. However, to capture the physics of
a black hole in quantum mechanics, or indeed any other classical point-particle,
this is clearly not sufficient: we need states which are well localised. We also need
quantum states that accurately correspond to point-particles when the “classical
limit” is taken. These requirements motivate the goals of this first chapter. We
will precisely specify what we mean by the classical limit, and explicitly construct
localised wavepackets which describe single, non-spinning point-particles in this
limit. The technology that we develop will provide the foundations for our

construction of on-shell observables for interacting black holes in later chapters.

To ensure full generality we will consider charged particles, studying the classical
limits of states in an SU(N) gauge group representation. Such point-particles
are described by the Yang—Mills~Wong equations in the classical regime [135].
For gravitational physics one could have in mind an Einstein—Yang—Mills black
hole, but there are more interesting perspectives available. YM theory, treated
as a classical field theory, shares many of the important physical features of
gravity, including non-linearity and a subtle gauge structure. In this respect the
YM case has always served as an excellent toy model for gravitational dynamics.
But, as we discussed in the previous chapter, our developing understanding of
the double copy has taught us that the connection between Yang-Mills theory
and gravity is deeper than this; detailed aspects of the perturbative dynamics of

gravity, including gravitational radiation, can be deduced from Yang—Mills theory
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and the double copy. Understanding non—trivial gauge, or colour, representation

states will thus play a key role in our later calculations of black hole observables.

This chapter is based on work published in refs. [I, 2], in collaboration with

Leonardo de la Cruz, David Kosower, Donal O’Connell and Alasdair Ross.

2.1 Restoring h

To extract the classical limit of a quantum mechanical system describing the
physics of point-particles we are of course going to need to be careful in our
treatment of Planck’s constant, A. A straightforward and pragmatic approach to
restoring all factors of A in an expression is dimensional analysis: we denote the

dimensions of mass and length by [M] and [L] respectively.

We may choose the dimensions of an n-point scattering amplitude in four
dimensions to be [M]*™ even when A # 1. This is consistent with choosing

the dimensions of creation and annihilation operators so that

[a:(p), a¥ (p)] = 2E,(27)36®) (p — p') 67 , (2.1)

Here the indices label the representation R of any Lie group. We define single-

particle momentum eigenstates in this representation by

p") = a"(p)|0). (2.2)

Since the vacuum state is taken to be dimensionless, the dimension of |p*) is thus
[M]~. We further define n-particle asymptotic states as tensor products of these
normalised single-particle states. In order to avoid an unsightly splatter of factors

of 27, it is convenient to define

~

0™ (p) = (2m)"6™ (p) (2.3)
for the n-fold Dirac ¢ distribution. With these conventions the state normalisation

18

(pilp’) = 2E,0% (p — p')57 . (2.4)

15



We define the amplitudes in four dimensions on this plane wave basis by

(L o|Tlpr-pn) = A1 P = DL D))
x 0B (py+ - pp—p— - —pl). (2.5)

The scattering matrix S and the transition matrix 7" are both dimensionless,

leading to the initially advertised dimensions for amplitudes.

Let us now imagine restoring the A’s in a given amplitude. When A = 1, the
amplitude has dimensions of [M]*~". When & # 1, the dimensions of the momenta
and masses in the amplitude are unchanged. Similarly there is no change to
the dimensions of polarisation vectors. However, we must remember that the
dimensionless coupling in electrodynamics is e/ V/h. Similarly, in gravity a factor
of 1/v/h appears, as the appropriate coupling with dimensions of inverse mass is
K = \/Wi We will see shortly that the situation is a little more intricate
in Yang-Mills theory, as the colour factors can carry dimensions of A. However
we will establish conventions such that the coupling has the same scaling as the
QED /gravity case. The algorithm to restore the dimensions of any amplitude
in electrodynamics, chromodynamics or gravity is then simple: each factor of a
coupling is multiplied by an additional factor of 1/ V'h. For example, an n-point,
L-loop amplitude in scalar QED is proportional to A'="/2~L.

This conclusion, though well-known, may be surprising in the present context
because it seems naively that as A — 0, higher multiplicities and higher loop
orders are more important. However, when restoring powers of h one must
distinguish between the momentum p* of a particle and its wavenumber, which
has dimensions of [L]~!. This distinction will be important for us, so we introduce

a notation for the wavenumber p associated with a momentum p:

p=p/h (2.6)

In the course of restoring powers of A by dimensional analysis, we will first treat
the momenta of all particles as genuine momenta. We will also treat any mass as

a mass, rather than the associated (reduced) Compton wavelength ¢, = h/m.

As we will, the approach to the classical limit — for observables that make sense
classically — effectively forces the wavenumber scaling upon certain momenta.
Examples include the momenta of massless particles, such as photons or gravitons.

In putting the factors of h back into the couplings, we have therefore not yet
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made manifest all of the physically relevant factors of A in an amplitude. This
provides one motivation for this part of the thesis: we wish to construct on-shell

observables which are both classically and quantum-mechanically sensible.

2.2 Single particle states

Let us take a generic single particle state expanded on the plane wave basis of
22):
) =2 /d4p 0 (p* —m?) 9i(p) Ip") . (2.7)

Here cfp absorbs a factor of 27; more generally ci”p is defined by

(2.8)

We restrict the integration to positive-energy solutions of the delta functions of
p? —m?, as indicated by the (+) superscript in 5(+), as well as absorbing a factor

of 27, just as for 6(p):

~

S (p? —m?) = 200 (p°)d(p* — m?). (2.9)

We will find it convenient to further abbreviate the notation for on-shell integrals

(over Lorentz-invariant phase space), defining
dd(p) = d*p 6 (p* —m?). (2.10)

We will generally leave the mass implicit, along with the designation of the
integration variable as the first summand when the argument is a sum. Note
that the right-hand side of (2.4]) is the appropriately normalised delta function

for this measure,

[ 209) 28,59~ )56 = ). (211)
Thus for any function f(p}), we define

do(p—p') = 2E,09 (p —p'). (2.12)
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The argument on the left-hand side is understood as a function of four-vectors.

This leads to a notationally clearer version of equation (2.11)):

/ 15(0') olp — )1 () = (7). (2.13)

and of equation ([2.4]):
wilp’) = da(p — p')d:7 . (2.14)

The full state |¢) is a non-trivial representation, of a Lie group associated with
symmetries which constrain the description of our particle. The kinematic data,
however, should be independent of these symmetries, and thus a singlet of R.

The full state is thus a tensor product of momentum and representation states:

) = [mom) © [10r) (2.15)

We will make this explicit by splitting the wavefunctions ;(p), writing

Z bi(p)lp’) = Z e(p)xilp") = e(P)lpx) - (2.16)

In these conventions, equation ([2.7)) becomes

) = [40) s)lp ). (217)
Using this simplified notation, the normalisation condition is

1= ()

=3 [av1a06)e (h)eton s bnlon —21)

=3 [av) L)l

(2.18)

We can obtain this normalisation by requiring that both wavefunctions ¢(p) and

Xi be normalised to unity:

/ @) [l =1, Y u=1. (2.19)

Since 1) is expanded on a basis of momentum eigenstates, it is trivial to measure
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the momentum of the state with the momentum operator P*:

(6 [P|) = / 19(p) 9o () (2.20)

But how do we measure the physical charges associated with the representation

states |x)?

2.2.1 Review of the theory of colour

For a physical particle state, there are two distinct interpretations for the
representation R: it could be the irreducible representation of the little group
for a particle of non-zero spin; or it could be the representation of an internal
symmetry group of the theory. In this first part of the thesis we are only interested
in scalar particle states. We will therefore restrict to the second option for the

time being, returning to little group representations in part

Our ultimate goal is to extract, from QFT, long-range interactions between
point particles, mediated by a classical field. We will therefore take R to be
any representation of an SU(N) gauge group. The classical dynamics of the
corresponding Yang-Mills field A, = A{T*, coupled to several classical point-like
particles, are then described by the Yang-Mills-Wong equations:.

% = 9 a(Ta) F*"™(20(7a)) Var(Ta) (2.21a)
£ () AL (1)) (1) (221h)
DFES(x) = Ji(x) =g ) / AT (T V" (Ta) 0P (2 — 2(72)) (2.21¢)

These equations describe particles, following worldlines z,(7,) and with velocities
Vo, that each carry colour charges ¢* which are time-dependent vectors in the

adjoint-representation of the gauge group.

Let us review the emergence of of these non-Abelian colour charges from quantum
field theory by restricting our attention to scalars 7, in any representation R, of

the gauge group, coupled to the Yang—Mills field. The action is

mg( 1 a a (v
S = / d'x (Z {(DHWQ)TD#M - ﬁwlﬂa] — FnF > : (2.22)
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where D, = 0, +igAjTk. The generator matrices (in a representation R) are
Té = (T2)7, and satisfy the Lie algebra [T'8, T,/ = i f®¢(T%) .

Let us consider only a single massive scalar. At the classical level, the colour
charge can be obtained from the Noether current ji associated with the global

part of the gauge symmetry. The colour charge is explicitly given by

/d?’xjg“(t, x) = i/dgx <7TTT}% Oom — (O )T 7r> : (2.23)

Notice that a direct application of the Noether procedure has led to a colour
charge with dimensions of action, or equivalently, of angular momentum. It
is now worth dwelling on dimensional analysis in the context of the Wong
equations , since they motivate us to make certain choices which may, at
first, seem surprising. The Yang-Mills field strength

Fi, = 0,A, — 0,A; — gf“bcAZA,ﬁ (2.24)

is obviously an important actor in these classical equations. Classical equations
should contain no factorsﬂ of h, so we choose to maintain this precise expression
for the field strength when h # 1. By inspection it follows that [gA%] = L~
We can develop this further; since the action of equation has dimensions

of angular momentum, the Yang—Mills field strength must have dimensions of

/M /L3. Thus, from equation ([2.24)),

A =T = (2.25)
This conclusion about the dimensions of g is in contrast to the situation in
electrodynamics, where [¢] = v/ML. Put another way, in electrodynamics the
dimensionless fine structure constant is e? /4wh while in our conventions the Yang—
Mills analogue is hg? /4w ! Tt is possible to arrange matters such that the YM and
EM cases are more similar, but we find the present conventions to be convenient

in perturbative calculations.

Continuing with our discussion of dimensions, note that the Yang—Mills version of
the Lorentz force, equation (2.21a)), demonstrates that the quantity gc* must have
the same dimension as the electric charge. This is consistent with our observation

above that the colour has dimensions of angular momentum.

!An equivalent point of view is that any factors of /i appearing in an equation which has
classical meaning should be absorbed into parameters of the classical theory.
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At first our assignment of dimensions of g may seem troubling; the fact that g has
dimensions of 1/ VML implies that the dimensionless coupling at each vertex is
gV/1, so factors of h associated with the coupling appear with the opposite power
to the case of electrodynamics (and gravity). However, because the colour charges
are dimensionful the net power of A turns out to be the same. The classical limit
of this aspect of the theory is clarified by the dimensionful nature of the colour

— to see how this works we must quantise.

Dimensional analysis demonstrates that the field 7 has dimensions of /M/L, so

its mode expansion is

mi(z) = %1 Ja@@) (et 1 bl (2.26)

The ladder operators are normalised as in equation ({2.1]), with the index i
again labelling the representation R. After quantisation, the colour charge of
equation ([2.23) becomes a Hilbert space operator,

C" =i | dx ('8 oem — (Oon" )T 7
J= ) .
B h/d‘p(p) (a'(p) T alp) + bt (p) T b(p)) .

where we have used that the generators of the conjugate representation R satisfy
T% = —T%. The overall I factor guarantees that the colour has dimensions of
angular momentum, as we require. It is important to note that these global colour
operators inherit the usual Lie algebra of the generators, modified by factors of
h, so that

[C*, C°) = ihfebeCe. (2.28)

Acting with the colour charge operator of equation (2.27) on momentum

eigenstates (as defined in equation (2.2))), we immediately see that
Clp') = h(TR);'IP) . (pilC" = h(p;|(TR)7 - (2.29)
Thus inner products yield generators scaled by A:
(pilC[p") = (C) = h(TR):" . (2.30)

The (C*);7 are simply rescalings of the usual generators T% by a factor of i, and
thus satisfy the rescaled Lie algebra in equation ([2.28]); since this rescaling is

21



important for us, it is useful to make the distinction between the two.

We can now finally act with the colour operator on the single particle state of

equation ([2.17)):
Clo) = [dB) (€7 ool 231

allowing us to define the colour charge of the particle as

(WP|Cpy = X" (C") x; - (2.32)

As a final remark on the rescaled generators, let us write out the covariant
derivative in the representation R. In terms of C“, the h scaling of interactions

is precisely the same as in QED (and in perturbative gravity):

D= 8, +igAT" = 9, + %g Asce (2.33)
for comparison, the covariant derivative in QED consistent with our discussion
in section is 0, +ieA,/h. Thus we have arranged that factors of i appear
in the same place in YM theory as in electrodynamics, provided that the colour
is measured by C'*. This ensures that the basic rules for obtaining the classical
limits of amplitudes will be the same; in practical calculations one restores h’s in
colour factors and works using C'*’s everywhere. However, it is worth emphasising

that unlike classical colour charges, the factors C'* do not commute.

2.3 Classical point-particles

For the states in equation (2.17)) to have a well defined point-particle limit, for any
operator @ they must, at a bare minimum, satisfy the following two constraints
in the classical limit [240]:

(¥|0]) = finite,

(2.34)
(V|0 O) = (Y|0y) (|Of) + negligible.

Furthermore the classical limit is not necessarily injective: distinct quantum
states |¢) and [¢') may yield the same classical limit. Classical physics should

of course be independent of the details of quantum states, and therefore we also
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require that in the limit, the overlap

(YY) = (Y|) + negligible . (2.35)

Similarly, the expectation values above should remain unchanged in the limit if

taken over distinct but classicaly equivalent states [240)].

Our goal in this section is to choose suitable momentum and colour wavefunctions,
¢(p) and x respectively, which ensure that the observables in equations (12.20)
and ([2.32) meet these crucial requirements.

2.3.1 Wavepackets

Classical point particles have well defined positions and momenta. Heuristically,
we therefore require well localised quantum states. We will take the momentum
space wavefunctions ¢(p) to be wavepackets, characterised by a smearing or

spread in momenta’}

Let us ground our intuition by first examining nonrelativistic wavefunctions. An
example of a minimum-uncertainty wavefunction in momentum space (ignoring

normalisation) for a particle of mass m growing sharper in the A — 0 limit has

p? p?
eXP <_2hmec/eg,> =P (_ Om2(2 /ﬁ%;) ’ (2.36)

where /. is the particle’s Compton wavelength, and where ¢, is an additional

the form

parameter with dimensions of length. We can obtain the conjugate in position

space by Fourier transforming:

o (2. o

The precision with which we know the particle’s location is given by ¢,,, which

we could take as an intrinsic measure of the wavefunction’s spread.

This suggests that in considering relativistic wavefunctions, we should also take
the dimensionless parameter controlling the approach to the classical limit in

momentum space to be the square of the ratio of the Compton wavelength /. to

2Evaluating positions and uncertainties therein in relativistic field theory is a bit delicate,
and we will not consider the question in this thesis.

23



the intrinsic spread £,

55(%)% (2.38)

We therefore obtain the classical result by studying the behaviour of expectation

values as & — 0; or alternatively, in the region where
le K Uy, . (2.39)

Towards the limit, the wavefunctions must be sharply peaked around the classical
value for the momenta, p = mu, with the classical four-velocity u normalised to

u? = 1. We can express this requirement through the conditionﬁ

) = / 0B(p) 7 [o(p)? = mii £,(€)

L& =1+0("),
bou=1+0("), (2.40)

o*(p)/m* = ((p — (p))*)/m”
= ((p*) — (0)?)/m* = cal”,

where cp is a constant of order unity, and the 5’s are simple rational exponents.
For the simplest wavefunctions, 5 = 1. This spread around the classical value
is not necessarily positive, as the difference p* — (p*) may be spacelike, and the
expectation of its Lorentz square possibly negative. For that reason, we should

resist the usual temptation of taking its square root to obtain a variance.

These constraints are the specific statement of those in equation for
momentum space wavepackets. What about the vanishing overlap between
classically equivalent states, ? To determine a constraint on the wavepackets
we need a little more detail of their functional form. Now, because of the on-shell

2 imposed by the phase-space integral over the wavepacket’s

condition p?> = m
momenta, the only Lorentz invariant built out of the momentum is constant, and
so the wavefunction cannot usefully depend on it. This means the wavefunction
must depend on at least one four-vector parameter. The simplest wavefunctions
will depend on exactly one four-vector, which we can think of as the (classical) 4-
velocity u of the corresponding particle. It can depend only on the dimensionless
combination p - u/m in addition to the parameter {. The simplest form will be
a function of these two in the combination p - u/(mf), so that large deviations

from mu will be suppressed in a classical quantity. The wavefunction will have

3The integration measure for p enforces (p?) = m?.
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additional dependence on ¢ in its normalisation.

The difference between two classically equivalent wavepackets must therefore
come down to a characteristic mismatch ¢g of their momentum arguments —
without loss of generality, classically equivalent wavepackets are then specified
by wavefunctions ¢(p) and ¢(p + qo). As one nears the classical limit, both
wavefunctions must represent the particle: that is they should be sharply peaked,
and in addition their overlap should be O(1), up to corrections of O(&). Requiring
the overlap to be O(1) is equivalent to requiring that ¢(p + qo) does not differ

much from ¢(p), which in turn requires that the derivative at p is small, or that

o - U

mg

<1. (2.41)

If we scale ¢ by 1/h, this constraint takes the following form:

Go - uly < /. (2.42)

We have replaced the momentum by a wavenumber. We will see in the
next chapter that this constraint is the fundamental constraint forcing the
classical scaling advertised in equation (2.6)) upon certain momenta in scattering

amplitudes.

Let us remain in the single particle case and finally examine an explicit example

wavefunction satisfying our constraints. We will take a linear exponential,

R R

which shares some features with relativistic wavefunctions discussed in ref. [241].
In spite of the linearity of the exponent in p, this function gives rise to the
Gaussian of equation ([2.36]) in the nonrelativistic limit (in the rest frame of u).

The normalisation condition (2.19)) requires

2V/2r

- == 2.44
ek (2/¢) 24

where K, is a modified Bessel function of the second kind. For details of this

computation and following ones, see appendix [A] An immediate corollary is that
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the overlap

[0 e 0+ et = ow |- 0] = miin. @19

Clearly, for this result to vanish in the limit £ = 0 we must rescale ¢y = hqo,

which then explicitly recovers the constraint (2.42)).

We can compute the momentum expectation value of the wavepacket straightfor-

wardly, obtaining

(p') = mu“% : (2.46)

As we approach the classical region, where & — 0, the wavefunction indeed

becomes sharply peaked, as

(p") — mu* <1 + Zﬁ) +0(&%). (2.47)

Moreover, the spread of the wavepacket

o’(p) _, K3(2/§) . 3 2
=1 e et HOE). (2.48)

Finally, a similar calculation yields

28 Ky(2 26Ky (2
(p"p") = m*uu” (1 + —gKl (22( /g >) - m?—fo((Q /;)) n, (2.49)
so in the classical region our wavepackets explicitly satisfy
m2
(') = mPutu (14 2€) = =& + O(&) (2.50)

= (") (") +0O(8).

From these results, we see that the conditions in equation (2.40) are explicitly
satisfied, with cx = —3/2 and rational exponents f = ' = " = 1.

2.3.2 Coherent colour states
We have seen that the classical point-particle picture emerges from sharply peaked

quantum wavepackets. To understand colour, governed by the Yang—Mills-Wong

equations in the classical arena, a similar picture should emerge for our quantum
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colour operator in equation (2.27)). We define the classical limit of the colour
charge in equation (2.32)) to be

¢ = (BIC) (2.51)

Since the colour operator in explicitly involves a factor of h, another
parameter must be large so that the colour expectation (1|C*|)) is much bigger
than A in the classical region. For states in irreducible representation R the only
new dimensionless parameter available is the size of the representation, n, and
indeed we will see explicitly in the case of SU(3) that we indeed need n large in
this limit.

Coherent states are the key to the classical limit very generally [240], and
we will choose a coherent state to describe the colour of our particle. The
states adopted previously to describe momenta can themselves be understood
as coherent states for a “first-quantised” particle — more specifically they are
states for the restricted Poincaré group [2421244]. By “coherent” we mean in
the sense of the definition introduced by Perelomov [245], which formalises the
notion of coherent state for any Lie group and hence can be utilised for both the

kinematic and the colour parts.

To construct explicit colour states we will use the Schwinger boson formalism.
For SU(2), constructing irreducible representations from Schwinger bosons is a
standard textbook exercise [246]. Omne simply introduces the Schwinger bosons
— that is, creation a'® and annihilation a; operators, transforming in the
fundamental two-dimensional representation so that ¢ = 1,2. The irreducible
representations of SU(2) are all symmetrised tensor powers of the fundamental,
so the state

ala’® ... g1 |0) (2.52)

which is automatically symmetric in all its indices, transforms in the spin j

representation.

For groups larger than SU(2), the situation is a little more complicated
because the construction of a general irreducible representation requires both
symmetrisation and antisymmetrisation over appropriate sets of indices. This
leads to expressions which are involved already for SU(3) [247, 248]. We content
ourselves with a brief discussion of the SU(3) case, which captures all of the

interesting features of the general case.
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One can construct all irreducible representations from tensor products only of
fundamentals [249, 250]; however, for our treatment of SU(3) it is helpful to
instead make use of the fundamental and antifundamental, and tensor these
together to generate representations. Following [247], we introduce two sets
of ladder operators a; and b° , i = 1,2,3, which transform in the 3 and 3*

respectively. The colour operator can then be written as

)\6 e
Ce:h(aTga—bTEb), e=1,...,8, (2.53)

where \° are the Gell-Mann matrices and A\° are their conjugates. The operators

a and b satisfy the usual commutation relations
[a;, ] =67, [b,b]] =6, [a,b]=0, [a"b]]=0. (2.54)

By virtue of these commutators, the colour operator (2.53)) obeys the commuta-
tion relation ([2.28]).

There are two Casimir operators given by the number operatorﬁ
M=d - a, Noy=0bl b, (2.55)

with eigenvalues n; and ns respectively, so we label irreducible representations
by [n1,mn2]. Naively, the states we are looking for are constructed by acting on

the vacuum state as follows:

(al - alim) (bj,l - b;f,@) 10) . (2.56)

However, these states are SU(3) reducible and thus cannot be used in our
construction of coherent states. We write the irreducible states schematically by
acting with a Young projector P which appropriately (anti-) symmetrises upper

and lower indices, thereby subtracting traces:

[ gy = P (@ al) (o -0 ) 10)). (2.57)

In general these operations will lead to involved expressions for the states,
but we can understand them from their associated Young tableaux (Fig. [2.1)).
Each double box column represents an operator bj» and each single column box

represents the operator a', and thus for a mixed representation we have ny double

“Here we define af - a = 320 alla; and [¢]2 = 320, [q>.
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Figure 2.1 Young tableau of SU(3).

columns and n; single columns.

Having constructed the irreducible states, one can define a coherent state
parametrised by two triplets of complex numbers ¢; and o', i = 1,2,3. These

are normalised according to
sP=leff=1, <-0=0. (2.58)

We won't require fully general coherent states, but instead their projections onto

the [n, ns] representation, which are

1

(nllngl)

|§Q>[n1,n2] = (Q ' bT)nQ (g ) aT)nl 0)- (2.59)

The square roots ensure that the states are normalised to unityﬂ. With this

normalisation we can write the identity operator as

faa = [dnto (o) (2.60)

n1,n2]

where [ du(s, o) is the SU(3) Haar measure, normalised such that [ du(s, o) = 1.

Its precise form is irrelevant for our purposes.

With the states in hand, we can return to the expectation value of the colour
operator C* in equation . The size of the representation, that is n; and
no, must be large compared to A in the classical regime so that the final result is
finite. To see this let us compute this expectation value explicitly. By definition

we have

o | St

(S 0IC|S O fnyng) = = (s 0a’Xals 0) g e — (S OIOTADIS Oy mgy) - (2.61)

After a little algebra we find that

h _
(s olCs 0) = 5 (MmN = n20"X0) . (2.62)

5Note that the Young projector in equation (2.57)) is no longer necessary since the constraint
£ - ¢ =0 removes all the unwanted traces.
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We see that a finite charge requires a scaling limit in which we take ni, no large
as h — 0, keeping the product An, fixed for at least one value of a = 1,2. The

classical charge is therefore the finite c-number

h *\a *\a
¢ = (s 0|C*S 0) pny,na] = B (n1* A% — nao*Ap) . (2.63)

The other feature we must check is the expectation value of products. Using the
result above, a similar calculation for two pairs of charge operators in a large

representation leads to

(< 0| C*Cl 0) s ) = (S 0ICIS 0) 101 (S OIClS 0) s o]
+ 1 (hny 6* A - A6 — fing 0* A" - X'p) . (2.64)

The finite quantity in the classical limit A — 0, n, — oo is the product An,. The
term inside the brackets on the second line is itself finite, but comes with a lone

h coefficient, and thus vanishes in the classical limit. Thus,
(s 0| C*C’ls Q) iy ma) = " + O(h). (2.65)

This is in fact a special case of a more general construction discussed in detail by
Yaffe [240]. Similar calculations can also be used to demonstrate that the overlap
(X'|x) is very strongly peaked about x = X', as required by equation (2.35). We
have thus constructed explicit colour states which ensure the correct classical

behaviour of the colour charges.

For the remainder of the thesis we will only need to make use of the finiteness
and factorisation properties, so we will avoid further use of the explicit form of
the representation states. Henceforth we write x for the parameters of a general
colour state |x) with these properties, and du(y) for the Haar measure of the
SU(N) colour group.

2.4 Multi-particle wavepackets

Having set up appropriate wavepackets for a single particle, we can now
consider multiple particles, and thus generalise the generic states adopted in
equation (2.17). We will take two distinguishable scalar particles, associated

with distinct quantum fields 7, with a = 1,2. The action is therefore as given in

30



equation (2.22)). Both fields 7, must be in representations R, which are large, so

that a classical limit is available for the individual colours.

In anticipation of considering scattering processes in the next section, we will
now take our state to be at some initial time in the far past, where we assume
that our two particles both have well-defined positions, momenta and colours. In
other words, particle a has a wavepacket . (p,) describing its momentum-space
distribution, and a coherent colour wavefunction y,, as described in the previous

section. Then the appropriate generalisation of the multi-particle state is

vy = / 0B (p1)dB(p2) 1 (p1)22(p2) P/ [pr v1; 2 x2)
(2.66)

=1/d¢QhﬁN¥nﬁwﬂpﬁwﬂpﬂewp”thxwunﬂp?%

where the displacement operator insertion accounts for the particles’ spatial

separation.

We measure observables for multi-particle states by acting with operators which
are simply the sum of the individual operators for each of the scalar fields. For

example, acting with the colour operator (2.27)) on the state |p; x1; p2 x2) we have

Clp1 x1; P2 Xa2) = pi* po’) (CH' 657 + 6:°(C9) 7)) X1 X2

I/W%MMQM%W%HMWW®LH®@MM>@m
zﬁMMWMQMMmmbw%WMMML

where Cf is the colour in representation R, and we have written C{,, for the
colour operator on the tensor product of representations R; and R;. In the
classical regime, using the property that the overlap between states sets x., = Xa

in the classical limit, it follows that

(D1 X135 D2 X2| Clya [P X13 D2 X2) = €] +¢5, (2.68)

so the colours simply add. A trivial similar result holds for the momenta of the

two particles.

Suppose that at some later time the two particles described by our initial state
interact — for example, two black holes scattering elastically. When does a
point-particle description remain appropriate? This will be the crucial topic of

the next chapter. We will take the initial separation 0" to be the transverse
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impact parameter for the scattering of two point-like objects with momenta p; .
(The impact parameter is transverse in the sense that p, -b =0 for a = 1,2.) At
the quantum level, the particles are individually described by the wavefunctions
in section [2.3] We would expect the point-particle description to be valid when
the separation of the two scattering particles is always very large compared to
their (reduced) Compton wavelengths, so the point-particle description will be

accurate provided that

V=b2 > (12 (2.69)

The impact parameter and the Compton wavelengths are not the only scales
we must consider, however — the spread of the wavepackets, ¢, is another
intrinsic scale. As we will discuss, the quantum-mechanical expectation values of
observables are well approximated by the corresponding classical ones when the
packet spreads are in the ‘Goldilocks’ zone, £, < £, < /—b%. These inequalities
will have powerful ramifications on the behaviour of scattering amplitudes in the

classical limit. To see this however, we need an on-shell scattering observable.
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Chapter 3

The impulse

At a gravitational wave observatory we are of course interested in the gravitational
radiation emitted by the source of interest. However, gravitational waves also
carry information about the potential experienced by, for example, a black hole
binary system. This observation motivates our interest in an on-shell observable
related to the potential. We choose to explore the impulse on a particle during
a scattering event: at the classical level, this is simply the total change in the

momentum of one of the particles — say particle 1 — during the collision.

In this chapter we will begin by examining the change in momentum during a
scattering event, without accompanying radiation, extracting the classical values
from a fully relativistic quantum-mechanical computation. We examine scattering
events in which two widely separated particles are prepared in the state
at t — —oo, and then shot at each other with impact parameter b*. We will
use this observable as a laboratory to explore certain conceptual and practical
issues in approaching the classical limit. Using the explicit wavepackets we
have constructed in chapter [2, we will carefully analyse the small-A region to
understand how scattering amplitudes encode classical physics. We will see that
the appropriate treatment is one where point-particles have momenta which are
fixed as we take A to zero, whereas for massless particles and momentum transfers
between massive particles, it is the wavenumber which we should treat as fixed

in the limit.

Our formalism is quite general, applying in both gauge theory and gravity; for
simplicity, we will nonetheless continue to focus on the scattering of two massive,
stable quanta of scalar fields described by the Lagrangian in equation (2.22)). We

33



will generalise to higher spin fields in part [[I} We will always restrict our attention
to scattering processes in which quanta of fields 1 and 2 are both present in
the final state. This will happen, for example, if the particles have separately
conserved quantum numbers. We also always assume that no new quanta of
fields 1 and 2 can be produced during the collision, for example because the

centre-of-mass energy is too small.

In the first section of this chapter we construct expressions for the impulse in terms
of on-shell scattering amplitudes, providing a formal definition of the momentum
transfer to a particle in quantum field theory. In section [3.2] we derive the
Goldilocks zone in which the point-particle limit of our wavepackets remains
valid, deriving from first principles the behaviour of scattering amplitudes in the
classical limit. In section we apply our formalism explicitly, deriving the
NLO impulse in scalar Yang-Mills theory, a result which is analagous to well-
established post—-Minkowskian results for the scattering of Schwarzschild black
holes [251-254].

This chapter continues to be based on work published in refs. [1], 2].

3.1 Impulse in quantum field theory

To define the observable, we place detectors at asymptotically large distances
pointing at the collision region. The detectors measure only the momentum of
particle 1. We assume that these detectors cover all possible scattering angles.
Let P be the momentum operator for particle a; the expectation of the first

particle’s outgoing momentum pf; ; is then

<p5ut,1> = out<\1j’Pl1l|\I/>out
= out(V|P{U (00, —00) |¥)in (3.1)
= in<\Ij| U(OO, _OO>]L]P)IILU(007 _OO> |\I]>in )
where U(oo,—00) is the time evolution operator from the far past to the far
future. This evolution operator is just the S matrix, so the expectation value is

simply
(Phuea) = w{CISTPS W)y . (3.2)
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We can insert a complete set of states and rewrite the expectation value as
2
<P§ut,1> = Z/dq)(rl) d®(ra) du(Cr) dp(Ca) 1 |<7’1 CHL C2;X|S|‘I’>| , (3.3)
X

where we can think of the inserted states as the final state of a scattering process.
In this equation, X refers to any other particles which may be created. The
intermediate state containing X also necessarily contains exactly one particle each
corresponding to fields 1 and 2. Their momenta are denoted by 7, 5 respectively,
while du(¢,) is the SU(IN) Haar measure for their coherent colour states, as
introduced in (2.60). The sum over X is a sum over all states, including X
empty, and includes phase-space integrals for X non-empty. The expression ([3.3|)
already hints at the possibility of evaluating the momentum in terms of on-shell

scattering amplitudes.

The physically interesting quantity is rather the change of momentum of the

particle during the scattering, so we define
(Apf) = (U|STPY S|W) — (V] P} D). (3.4)

This impulse is the difference between the expected outgoing and the incoming
momenta of particle 1. It is an on—shell observable, defined in both the quantum
and the classical theories. Similarly, we can measure the impulse imparted to
particle 2. In terms of the momentum operator, Py, of quantum field 2, this

impulse is evidently

(Aph) = (U|STPY S|W) — (V[ P4 |W). (3:5)

Returning to the impulse on particle 1, we proceed by writing the scattering
matrix in terms of the transition matrix 7" via S = 1+ ¢T', in order to make
contact with the usual scattering amplitudes. The no-scattering (unity) part of
the S matrix cancels in the impulse, leaving behind only delta functions that
identify the final-state momenta with the initial-state ones in the wavefunction

or its conjugate. Using unitarity we obtain the result

(ApY) = (T|4[PY, T @) + (| T'[PY, 7] |T) . (3.6)
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3.1.1 Impulse in terms of amplitudes

Having established a general expression for the impulse, we turn to expressing it
in terms of scattering amplitudes. It is convenient to work on the two terms in

equation (3.6)) separately. For ease of discussion, we define

IU

() = (PLPLTI®), I = (9| T'[PY, T]|), (3.7)

@ =

so that the impulse is (Apf) = ]ﬁ) + ](“2). Using equation (2.66]) to expand the

wavepacket in the first term, I (ﬂ1)= we find

[(M1) = /dq)(pl)dq)(])z)dq)(pﬁ)dq)@é) e r=r)/h ©1(p1) @1 (D7) P2(p2) 3 (1)
X i(pt — p!') (P X4 P Xa| T |p1 X5 P2 X2)

= / d®(py)dD(p2)d® (p})dD(p) € PP/ o (p1) i (D) )2 (p2) 3 (Ph)  (3.8)

<i [ d@(r)de(r)du()dn(G) (% 1)
X (P} X1 Py X1 Gy m2 Co) (1 Cusra Gl T' |1 X1; P2 Xa2)

where in the second equality we have re-inserted the final-state momenta r, in
order to make manifest the phase independence of the result. We label the states
in the incoming wavefunction by p; o, those in the conjugate ones by pj ,. Let us
now introduce the momentum shifts ¢, = p,, — pn, and then change variables in

the integration from the p!, to the g,. In these variables, the matrix element is

(01 X15 Po X5 T|p1 X15 p2 x2) = (X1 XalA(pr, p2 = D1 P5) X1 x2)
X 0D () +ph—p1—p2)  (3.9)
= (A(p1p2 = p1+ q1,p2 + (J2)>5(4)(Q1 + o),

yielding

= / 4 (py)dD (p2)dD (g1 + p1)dB(ga + ps)

X 1(p1) @i (1 + @) p2(P2) s (P2 + 42) 0 (@1 + @2) (3.10)

x e~ TGt A(pipy — pr + g1, P2 + @)

where the remaining expectation value is solely over the representation states
Xao- Note that we are implicitly using the condition ({2.35]), in anticipation of the

classical limit, for clarity of presentation. Now, recall the shorthand notation
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introduced earlier for the phase-space measure,

A A~

dq’(‘h +p1) = d4Q1 5((]91 + Q1)2 - m%)@(p? + q(f) . (3~11)

We can perform the integral over ¢s in equation (3.10|) using the four-fold delta

function. Further relabeling ¢; — ¢, we obtain

Ity = /d‘b(pl)@(pz)cf‘*q 0(2p1-q+q°)0(2p2 - g — g*) e

x 0P + ")O1) — ¢°) o1 (1)@t (01 + @)oo (p) g2 —q)  B12)

x ig" (A(pip2 = p1+ ¢, p2 — q)) -

Unusually for a physical observable, this contribution is linear in the amplitude.
We emphasise that the incoming and outgoing momenta of this amplitude do
not correspond to the initial- and final-state momenta of the scattering process,
but rather both correspond to the initial-state momenta, as they appear in the
wavefunction and in its conjugate. The momentum ¢ looks like a momentum
transfer if we examine the amplitude alone, but for the physical scattering process
it represents a difference between the momentum within the wavefunction and
that in the conjugate. Inspired by our discussion in section [2.3| we will refer to
it as a ‘momentum mismatch’. As indicated on the first line of equation (3.8]),
we should think of this term as an interference of a standard amplitude with an
interactionless forward scattering. Recalling that in equation we defined
Vio(Pa) = Pa(Da)Xia, We can write this diagrammatically as

Ity = /d¢’(p1)dq)(p2)d4q 0(2p1 - q+¢*)0(2p2 - q — ¢%)

V1(p1) Vi(p1 +q)
(3.13)
x O(p) + ¢*)O(p) — ¢°) e~/ gt

Ya(p2) Vs5(p2 — q)

Turning to the second term, [ é), in the impulse, we again introduce a complete
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set of states labelled by momenta rq, 75 and X so that

1%, = (9| TP}, 7] )

=Y [ der)d0r)du ) du(G) (3.14)
X (W] T |ry Grsma Cos X) (1 Cuyra G X|[PY, T W)

As above, we can now expand the wavepackets. We again label the momenta in

the incoming wavefunction by p; 2, and those in the conjugate ones by p ,:

Ity = Z/ [T d2(ra)d®(pa)d®(pl) @alpa)ei(pl)e™ PP/ (et — ph)
X a=1,2

. R 3.15

><5(4)(p1+p2—7’1—TQ—TX)5(4)(29/1+17/2—7“1—Tz—TX) ( )

X <A*(p'1 ;plz — 11,79, 7x) AP, p2 = 11,72 77“X)>-

In this expression we again absorb the representation states y, into an expectation
value over the amplitudes, while rx denotes the total momentum carried by
particles in X. The second term in the impulse can thus be interpreted as a
weighted cut of an amplitude; the lowest order contribution is a weighted two-

particle cut of a one-loop amplitude.

In order to simplify [ (“2), let us again define the momentum shifts q, = p), — pa,

and change variables in the integration from the p!, to the g,, so that

=3 [ 1 d0(ra)db(pa)db(a, + pa) palpa)ioa + a0

a=1,2
N —ib- 3.16
(pl +po—1r1—19— TX) 5(4)((11 + C]z) € bql/h(rlf - p’f) ( )

X8(4)
X (A"(p1 +q1,p2+ g2 = 11,72, 7x) AP, P2 = T1,72,7X))

We can again perform the integral over ¢, using the four-fold delta function, and

relabel ¢g; — ¢ to obtain

Iy = Z/ [T d2(ra)d®(pa)d'q 6(2p1 - g+ ¢*)0(2p2 - g — ¢°)
X a=1,2
x O(p1 + ¢°)0(ps — ¢°) p1(p1)wa(p2) ¥1 (P1 + Q)5 (P2 — q) (3.17)
x 0 (py+p2 — 1 —ra —rx) el — pl)

X (A*(pr +q,p2—q— 11,72, 7x) AP, P2 = T1,72,7X)) -

The momentum ¢ is again a momentum mismatch. The momentum transfers
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Wo = To — P Will play an important role in analysing the classical limit, so it is

convenient to change variables to them from the final-state momenta r,,

Ity = Z/ I d®(p)d wad*q 6(2pa - wa + wl)O (P, + wl)
X Y a=1.2
X 0(2p1 - g+ ¢*)0(2p2 - 4 — )OO + *)O (DS — ¢°) ¢1(p1) 2 (p2)
< @i (p1+ Q) 3Pz — @)e TV wi 6D (wy + wy + ) (3.18)
X (A" (pr + ¢, p2 —q = p1 + w1 ,p2 + w2, 7x)

X A(p1,p2 = p1 +wy ,p2+wa,7rx)) .

Diagrammatically, this second contribution to the impulse is

Ch Z/ [T d®(ma)d wad'q 6(2pa - wa +w2)O@) +wh) e/ wh
X

a=1,2

X 0(2p1- g+ ¢*)0(2p2 - q — PO + ¢*)O (S — ¢°)

+
U1(p1) noa | Vilpi+q)  (3.19)
X 5(4)(w1 + wy + 7x) X :
Ya(p2) 3 Vs5(p2 — q)
P2 + wo

3.2 Point-particle scattering

The observable we have discussed — the impulse — is designed to be well-defined
in both the quantum and the classical theories. As we approach the classical limit,
the quantum expectation values should reduce to the classical impulse, ensuring
that we are able to explore the A — 0 limit. Here we explore this limit, and its

ramifications on scattering amplitudes, in detail.

3.2.1 The Goldilocks inequalities

We have already discussed in section how to make explicit the factors of h
in the observables, and in section we selected wavefunctions which have the

desired classical point-particle limit, which we established was the region where

le < ly, . (3.20)
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At this point, we could in principle perform the full quantum calculation, using
the specific wavefunctions we chose, and expand in the & — 0 limit at the
end. However, having established previously the detailed properties of our
wavefunctions ¢, it is far more efficient to neglect the details and simply use the
fact that they allow us to approach the limit as early as possible in calculations.
This will lead us to impose stronger constraints on our choice than the mere

existence of a suitable classical limit.

Heuristically, the wavefunctions for the scattered particles must satisfy two
separate conditions. As discussed in the single particle case, the details of
the wavepacket should not be sensitive to quantum effects. At the same time,
now that we aim to describe the scattering of point-particles the spread of the
wavefunctions should not be too large, so that the interaction with the other

particle cannot peer into the details of the quantum wavepacket.

To quantify this discussion let us examine [ ﬁ) in (3.12) more closely. It has

the form of an amplitude integrated over the on-shell phase space for both of
the incoming momenta, subject to additional § function constraints — and then
weighted by a phase e~4/"
integrated over all ¢. As one nears the classical limit , the wavefunction

and its conjugate should both represent the particle. The amplitude will vary

dependent on the momentum mismatch ¢, and finally

slowly on the scale of the wavefunction when one is close to the limit. This is
therefore precisely the same constraint as we had in the single particle case, and

we immediately have

G ta by < VE, (3.21)

where we have scaled ¢ by 1/, replacing the momentum by a wavenumber.

We next examine another rapidly varying factor that appears in all our integrands,
the delta functions in ¢ arising from the on-shell constraints on the conjugate
momenta p/,. These delta functions, appearing in equations (3.12|and |3.18)), take

the form

0(2pa - q+ %) = — 627 - ua + 0.3 . (3.22)

The integration over the initial momenta p, and the initial wavefunctions will
smear out these delta functions to sharply peaked functions whose scale is of the
same order as the original wavefunctions. As & gets smaller, this function will
turn back into a delta function imposed on the ¢ integration. To see this, let

n

us consider an explicit wavefunction integral similar to [ (1)’ but with a simpler
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integrand:
T, - / 0B(p1) o (pr)¢" (01 + 4) 521 - 4 + 7). (3.23)

With ¢ chosen to be the linear exponential (2.43)), this integral simplifies to

T = L771(q’;pl) /d@(pl) 0(2py - G/mu + ha?/ma) [o(p1) |2 (3.24)

hml

where 71 (q; p1) is the overlap defined in equation (2.45)) and we have also replaced
q — hq.

The remaining integrations in 7} are relegated in appendix , but yieldﬂ

T

1
T @ 0 = 2 K29

X exp|—=

%;_‘12\/1 - h2q2/(4m%)} - (3.25)

\/__

Notice that our result depends on two dimensionless ratios in addition to its

be/—@  and L L (3.26)

_q2

dependence on €&,

Let us call 1/4/—@* a ‘scattering length’ ¢;. In terms of this length, our two

dimensionless ratios are

and  q-uls. (3.27)
As we approach the h,& — 0 limit, we may expect 77 to be concentrated in a
small region in q. Towards the limit, the dependence on the magnitude is just
given by the prefactor. To understand the behaviour in the boost and angular

degrees of freedom, we may note that

12
Ki(2/8)  VEVe

and that Aiy/€ is of order &, so that overall T} has the form

% exp {_@} | (3.20)

exp E} : (3.28)

This will yield a delta function so long as f(g) is positive. To figure out its

IThe wavenumber transfer is necessarily spacelike.
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argument, we recall that ¢?> < 0, and parametrise the wavenumber as
¢ =E; (sinh (, cosh ( sin @ cos ¢, cosh ( sin # sin ¢, cosh ( cos 0) , (3.30)

with rapidity ¢ running over [0, o], 8 over [0, 7], and ¢ over [0,2x]. Working in
the rest frame of w”, the exponent in equation (3.25)) (including the term from

equation (3.28)) is

— %(coshc\/l + R2EZ/(4m?) — 1> ; (3.31)

so that the delta function will ultimately localise

h¢ ! 1 WEq +O(RY) (3.32)
COS — =1 — .
1+ h2E2/(4m?) 8m?

to zero. Thus in terms of the Lorentz—invariant dimensionless ratios in
equation (13.27)), we find that the delta function is

5(q w0+ Lo 1 (3.33)
ST yr g, ) ‘

s

The direction-averaging implicit in the integration over p; has led to a constraint

on two positive quantities built out of the ratios.

Recall that to arrive at this expression we absorbed a factor of i ~ /€. Since the
argument of the delta function is a polynomial in the dimensionless ratios, both

must be independently constrained to be of this order:

q-uly <A/E, (3.34a)
ﬁ—c < VE. (3.34b)

If we had not already scaled out a factor of A from ¢, these constraints would

make it natural to do so.

Combining constraint (3.34a) with that in equation (3.21)), we obtain the
constraint £, < fs. Then including constraint (2.39), or & < 1, we obtain

our first version of the ‘Goldilocks’ inequalities,
le K by < Uy . (3.35)
As we shall see later in the explicit evaluation of [ ﬁ), Uy ~ /—b?; this follows
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Figure 3.1 Heuristic depiction of the Goldilocks inequalities.

on dimensional grounds. This gives us the second version of the ‘Goldilocks’
requirement,

b <l < V=12 (3.36)

Note that the constraint following from is weaker, £, < /. Indeed, we

should not expect a similar strengthening of this restriction; the sharp peaking

of the wavefunctions alone will not force the left-hand side to be much smaller

than the right-hand side. This means that we should expect ¢ - u to be smaller

than, but still of order, \/£/{,. If we compare the two terms in the argument to

the delta function ([3.22)), we see that the second term
(.1 VE

0P~ el
T LS

(3.37)

so that £.q> < G- u,, and the second term should be negligible. In our evaluation

of T1, we see that the integral is sharply peaked about the delta function
0(q-u). (3.38)

We are thus free to drop the g? correction in the classical limit. There is one

important caveat to this simplification, which we will mention below.

3.2.2 Taking the limit of observables

In computing the classical observable, we cannot simply set & = 0. Indeed, we
don’t even want to fully take the & — 0 limit. Rather, we want to take the
leading term in that limit. This term may in fact be proportional to a power of
¢. To understand this, we should take note of one additional length scale in the

problem, namely the classical radius of the point particle. In electrodynamics,
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this is py = €?/(47wm). However,

he?

- d7hm -

pel all., (3.39)

where « is the usual, dimensionless, electromagnetic coupling. Dimensionless
ratios of p. to other length scales will be the expansion parameters in classical
observables; but as this relation shows, they too will vanish in the & — 0 limit.
There are really three dimensionless parameters we must consider: &; £,,/(s; and
pe/ls. We want to retain the full dependence on the latter, while considering

only effects independent of the first two.

Under the influence of a perturbatively weak interaction (such as electrodynamics
or gravity) below the particle-creation threshold, we expect a wavepacket’s shape
to be distorted slightly, but not radically changed by the scattering. We would
expect the outgoing particles to be characterised by wavepackets similar to those
of the incoming particles. However, using a wavepacket basis of states for the state
sums in section [3.1| would be cumbersome, inconvenient, and computationally
less efficient than the plane-wave states we used. We expect the narrow peaking
of the wavefunction to impose constraints on the momentum transfers as they
appear in higher-order corrections to the impulse [ é) in equation ; but we
will need to see this narrowness indirectly, via assessments of the spread as in
equation , rather than directly through the presence of wavefunction (or
wavefunction mismatch) factors in our observables. We can estimate the spread

02%(ry) in a final-state momentum r,, as follows:

((ra = (ra))®)/m?

((r2) = (ra)?) /m?

1— ((pa) + (Apa))?/m?

= 0%(pa)/m2 — (Apa) - (2(pa) + (Apa)) /m2.

0 (ra)/my

(3.40)

So long as (Ap,)/ma < 0%(pa)/m?, the second term will not greatly increase the
result, and the spread in the final-state momentum will be of the same order as
that in the initial-state momentum. Whether this condition holds depends on the
S chg”

~Y

details of the wavefunction. Even if it is violated, so long as (Ap,)/ma
with ¢/, a constant of O(1), then the final-state momentum will have a narrow
spread towards the limit. (It would be broader than the initial-state momentum

spread, but that does not affect the applicability of our results.)
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The magnitude of (Ap,) can be determined perturbatively. The leading-order
value comes from I(“l), with ](“2) contributing yet-smaller corrections. As we
shall see, these computations reveal (Ap,)/m, to scale like h, or /&, and be

numerically much smaller.

This in turn implies that for perturbative consistency, the ‘characteristic’ values
of momentum transfers w, inside the definition of [ é) must also be very small
compared to mq+/€. This constraint is in fact much weaker than implied by the
leading-order value of (Ap,). Just as for go in equation , we should scale
these momentum transfers by 1/h, replacing them by wavenumbers w,. The
corresponding scattering lengths 0" = \/—_wg must again satisfy 0" > 0,. If we

now examine the energy-momentum-conserving delta function in equation (3.18]),

A~

6@ (w1 + we + 1), (3.41)

we see that all other transferred momenta r, must likewise be small compared to
ma/E: all their energy components must be positive and hence no cancellations
are possible inside the delta function. The typical values of these momenta should
again by scaled by 1/h and replaced by wavenumbers. We will see in the next
chapter that 1 é) encodes radiative effects, and the same constraint will force these

momenta for emitted radiation to scale as wavenumbers.

What about loop integrations? As we integrate the loop momentum over all
values, it is a matter of taste how we scale it. If it is the momentum of a (virtual)
massless line, however, unitarity considerations suggest that as the natural scaling
is to remove a factor of A in the real contributions to the cut in equation ,
we should likewise do so for virtual lines. More generally, we should scale those
differences of the loop momentum with external legs that correspond to massless
particles, and replace them by wavenumbers. Moreover, unitarity considerations
also suggest that we should choose the loop momentum to be that of a massless

line in the loop, if there is one.

In general, we may not be able to approach the A — 0 limit of each contribution
to an observable separately, because they may contain terms which are singular,
having too many inverse powers of A. We find that such singular terms meet one of
two fates: they are multiplied by functions which vanish in the regime of validity
of the limit; or they cancel in the sum over all contributions. We cannot yet offer
a general argument that such troublesome terms necessarily disappear in one of

these two manners. We can treat independently contributions whose singular
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terms ultimately cancel in the sum, so long as we expand each contribution in a

Laurent series in A.

For theories with non-trivial internal symmetries, when identifying singular terms
(in both parts of the impulse) it is essential not to forget factors coming from
the classical limit of the representation states y,. Since the scattering particles
remain well separated at all times there is no change to the story in chapter [
However, it is important to keep in mind that in our conventions colour factors
in scattering amplitudes carry dimensions of A, and in particular satisfy the Lie
algebra in equation (2.28]). There is subsequently an independent Laurent series
available when evaluating colour factors, and this can remove terms which appear

singular in the kinematic expansion.

Full impulse integrand factors that appear uniformly in all contributions — that
is, factors which appear directly in a final expression after cancellation of terms
singular in the A — 0 limit — can benefit from applying two simplifications to the
integrand: setting p, to myu,, as prescribed by equation (3.38)), and truncating
at the lowest order in A or &. For other factors, we must be careful to expand
in a Laurent series. As mentioned above, a consequence of equation is
that inside the on-shell delta functions S(Qpa - q + hg*) we can neglect the hqg?
term; this is true so long as the factors multiplying these delta functions are not
singular in A. If they are indeed nonsingular (after summing over terms), we can
safely neglect the second term inside such delta functions, and replace them by
5 (2pa-q). A similar argument allows us to neglect the 2g° term inside the positive-
energy theta functions; the ¢ integration then becomes independent of them.
Similar arguments, and caveats, apply to the squared momentum-transfer terms
hw? appearing inside on-shell delta functions in higher-order contributions, along
with the energy components w°, appearing inside positive-energy theta functions.
They can be neglected so long as the accompanying factors are not singular in
h. If accompanying factors are singular as A — 0, then we may need to retain
such formally suppressed hg? or hw? terms inside delta functions. We will see
an example of this in the calculation of the NLO contributions to the impulse in
section 3.3

Summary

For ease of future reference, let us collect the rules we have derived for calculating

classical scattering observables from quantum field theory. We have all together

46



established that, in the classical limit, we must apply the following constraints

when evaluating amplitudes in explicit calculations:

e The momentum mismatch ¢ = pj — p; scales as a wavenumber, ¢ = hq.

e The momentum transfers w, in [ (“2) scale as wavenumbers.

e Massless loop momenta scale as wavenumbers.

e The hq¢? factors in on-shell delta functions can be dropped, but only when

there are no terms singular in A.

e Any amplitude colour factors are evaluated using the commutation rela-
tion (2.23).

We derived these rules using the impulse, but they hold for any on-shell observable
constructed in the manner of section (3.1} Furthermore, it will be convenient to
introduce a notation to allow us to manipulate integrands under the eventual

approach to the A — 0 limit; we will use large angle brackets for the purpose,

(s0n 1) = [a00d0lew 1o

x (x1x2|f(p1, P2, )Ix1x2), (3.42)

where the integration over both p; and p, is implicit. Within the angle brackets,
we have approximated ¢, (p £ ¢) ~ ¢.(p) and x., ~ Xo- Then, relying on our
detailed study of the momentum and colour wavefunctions in sections and [3.2]
to evaluate the integrals and representation expectation values implicit in the
large angle brackets we can simply set p, >~ myu,, and replace quantum colour

charges C% with their (commuting) classical counterparts c2.

3.2.3 The classical impulse

We have written the impulse in terms of two terms, (Apy) = I(}, + Ify), and
expanded these in terms of wavefunctions in equations (3.12) and (3.18]). We
will now discuss the classical limit of these terms in detail, applying the rules

gathered above.
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We begin with the first and simplest term in the impulse, I(“l),

equation (3.12f), and here recast in the notation of equation (3.42)) in preparation:

given in

Ity = <<i/cz4q 02p1 - q+¢*)0(2p2 - — *)O] + *)O (s — ¢°)
x e U gt A(pr,pr = p1+ ¢, 02 — q) >> . (3.43)

Rescale ¢ — hq; drop the ¢? inside the on-shell delta functions; and also remove
the overall factor of §> and accompanying A’s from the amplitude, to obtain the

leading-order (LO) contribution to the classical impulse,

£ =2
k] j— £) Zg M- Sr= =
App Y = 1 = 7<<h2 / d'q8(g-p1)3(q- po)
x e gt A0 (py, py — p1 + I, p2 — hq) >> . (3.44)

We denote by A% the reduced L-loop amplitude, that is the L-loop amplitude
with a factor of the (generic) coupling §/v/h removed for every interaction: in
the gauge theory case, this removes a factor of g/ V/h, while in the gravitational
case, we would remove a factor of / Vvh. In general, this rescaled fixed-order
amplitude depends only on A-free ratios of couplings; in pure electrodynamics or
gravitational theory, it is independent of couplings. In pure electrodynamics, it
depends on the charges of the scattering particles. While it is free of the powers
of A discussed in section [2.1] it will in general still scale with an overall power of
h thanks to dependence on momentum mismatches or transfers. As we shall see
in the next section, additional inverse powers of & emerging from A will cancel

the h? prefactor and yield a nonvanishing result.

As a reminder, while this contribution to a physical observable is linear in an
amplitude, it arises from an expression involving wavefunctions multiplied by their
conjugates. This is reflected in the fact that both the ‘incoming’ and ‘outgoing’
momenta in the amplitude here are in fact initial-state momenta. Any phase
which could be introduced by hand in the initial state would thus cancel out of

the observable.

The LO classical impulse is special in that only the first term (3.12)) contributes.
In general however, it is only the sum of the two terms in equation ({3.6]) that has
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a well-defined classical limit. We may write this sum as

Apy = <<ih2/c?4q 0(2p1- 4+ ¢")0(2p2 - g — °)
x O +¢*)0(py — ¢°) e " I“>> , (3.45)
where the impulse kernel It is defined as

I" =W q" A(pips = p1 + ¢, p2 — q)
—iy / T dwad@pa - wa +w2)OGE +ul)
x 7 a=12 (3.46)
X wh 5(4)(101 +wy +1x)A(Pi1p2 = p1 + w1, P2 + w2, Tx)
X A"(p1+ ¢, p2 —q— p1+ w1, p2 + w2, Tx) .

The prefactor in equation and the normalization of Z# are chosen so that
the latter is O(h) in the classical limit. At leading order, the only contribution
comes from the tree-level four-point amplitude in the first term, and after passing
to the classical limit, we recover equation (3.44)) as expected. At next-to-leading
order (NLO), both terms contribute. The contribution from the first term is
from the one-loop amplitude, while that from the second term has X = (), so that
both the amplitude and conjugate inside the integral are tree level four-point

amplitudes.

Focus on the NLO contributions, and pass to the classical limit. As discussed
in section we may neglect the ¢? terms in the delta functions present in
equation so long as any singular terms in the impulse kernel cancel. We
then rescale ¢ — hg; and remove an overall factor of §* and accompanying h”s
from the amplitudes. In addition, we may rescale w — hw. However, since
singular terms may be present in the individual summands of the impulse kernel
— in general, they will cancel against singular terms emerging from the loop
integration in the first term in equation (|3.46)) — we are not entitled to drop the

w? inside the on-shell delta functions. We obtain

=4
, tg YR ¢ N\ —ib-q T
s =B [itqip i@ 0N, san
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where

Ié?(l) = hg" AY (p1py — p1 + hg, pa — hq)

—z‘h3/d4w52p W+ Ww?)o(2py - W — Ww?) W
(2p1 )(2p2 ) (3.48)
x A (py, py = p1 + hw , p, — hw)

X A(O)*(Pl + hq,ps — hq — p1 + hw , p, — hw) .

Once again, we will see in the next section that additional inverse powers of A
will arise from the amplitudes, and will yield a finite and nonvanishing answer in

the classical limit.

3.3 Examples

To build confidence in the formalism we have developed, let us use it to conduct
explicit calculations of the classical impulse. We will work in the context of
scalar Yang-Mills theory, as defined by the Lagrangian in equation (2.22)), using

the double copy where our interest is in perturbative gravity.

Before we begin to study the impulse at leading and next-to-leading order, note
that it is frequently convenient to write amplitudes in Yang—Mills theory in colour-
ordered form; for example, see [255] for an application to amplitudes with multiple
different external particles. The full amplitude A is decomposed onto a basis of
colour factors times partial amplitudes A. The colour factors are associated with
some set of Feynman topologies. Once a basis of independent colour structures

is chosen, the corresponding partial amplitudes must be gauge invariant. Thus,

A(pr,ps = . ph) = Y C(D) Ap(pr,p2 — Pl ph) (3.49)
D

where C(D) is the colour factor of diagram D and Ap is the associated partial
amplitude. Expectation values of the representation states y, can now be taken

as being purely over the colour structures.
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3.3.1 Leading-order impulse

Gauge theory

We begin by computing in YM theory the impulse, Ap} ’(0), on particle 1 at leading
order. At this order, only Iﬁ) contributes, as expressed in equation (3.44)). To
evaluate the impulse, we must first compute the 2 — 2 tree-level scattering

amplitude. The reduced amplitude A© is

D1 p1 + hq
. 7(0) _ _ . 4py - p2 + hQ(jQ
ZA (p17p2 —>p1+hq7p2—hq) = :ZC&.CQT' (350)
P2 p2 — hq
Clearly, the colour decomposition of the amplitude is trivial:
1 Apy - p2 + h?
Ay = g C(I) =C-Csy. (3.51)

We can neglect the second term in the numerator, which is subleading in the

classical limit.

Substituting this expression into equation (3.44]), we obtain

Ap = i92<</ d'q5(q-p1)8(q- p2) e ™90, - Czplgzpz 7 >> L (352)

As promised, the leading-order expression is independent of A. Evaluating the
p1,2 integrals, in the process applying the simplifications explained in section ,

namely replacing p, — mau,, we find that

~ ul'uQ

Ap/f(o) = ig°ci - ¢ /d4q_ 5(‘? Ul)g(@ uQ)e_ib’qq—z a’. (3.53)

Note that evaluating the double angle brackets has also replaced quantum
colour factors with classical colour charges. Replacing the classical colour
with electric charges (), yields the result for QED; this expression then has
intriguing similarities to quantities that arise in the high-energy limit of two-
body scattering [72H89]. The eikonal approximation used there is known to

exponentiate, and it would be interesting to explore this connection further.
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Note that it is natural that the Yang—Mills LO impulse is a simple colour dressing

of its QED counterpart, since at leading order the gluons do not self interact.

It is straightforward to perform the integral over ¢ in equation to obtain
an explicit expression for the leading order impulse. To do so, we work in the
rest frame of particle 1, so that u; = (1,0,0,0). Without loss of generality we
can orientate the spatial coordinates in this frame so that particle 2 is moving
along the z axis, with proper velocity us = (7,0,0,73). We have introduced
the standard Lorentz gamma factor v = u; - us and the velocity parameter (3

satisfying v%(1 — %) = 1. In terms of these variables, the impulse is

, . M- ¢ Q _ _iba ) —
ApO =gk, - ¢ /d4q 3()o(vg® — B3 e bq? 7"
(3.54)

2
.g=C1 - Co 2_ iba 1 _
= —1 d*q e —q",
Am?|B| 71
where @ = @ = 0 and the non-vanishing components of ¢* in the xy plane of

our corrdinate system are q,. It remains to perform the two dimensional integral
over q, , which is easily done using polar coordinates. Let the magnitude of q, be
x and orient the x and y axes so that b- g, = |b|x cosf. Then the non-vanishing

components of g* are ¢ = (0, y cosd, x sin#,0) and the impulse is

Ap’f’(o) — _2.9201 + Co /OO dX y /7r 20 ei|b|xcos9i (07 X COS 9’ X Sin@, 0)
Am2|5] o —n X°

2 00 s
. .g=C1 - C2 / i|b|x cos 6 :
= —1 dx / df e"”x 0,cosf,sinf,0

47‘.2‘5‘ 0 -7 ( )

2 o0
g ci-Cg -
= dx J1(|blx) b

~

G b
2r|B] 16|’

(3.55)

where b is the spatial unit vector in the direction of the impact parameter. To

restore manifest Lorentz invariance, note that

1 b b
7 27 (3.56)

Bl HE—1 bl
(Recall that b* is spacelike, so —b* > 0.) With this input, we may write the

impulse as
gc1 - ¢y b+

y
2r 10

Ap? = — (3.57)
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Stripping away the colour and adopting the QED coupling e, in the non-
relativistic limit this should match a familiar formula: the expansion of the
Rutherford scattering angle 6(b) as a function of the impact parameter. To keep
things simple, we consider Rutherford scattering of a light particle (for example,
an electron) off a heavy particle (a nucleus). Taking particle 1 to be the moving
light particle, particle 2 is very heavy and we work in its rest frame. Expanding
the textbook Rutherford result to order €2, we find

2 62

0(b) = 2tan™!

~ , 3.58
drmu?b  2mmu?b (3:58)
where v is the non-relativistic velocity of the particle. To recover this simple
result from equation ([3.53)), recall that in the non-relativistic limit v ~ 1 + v?/2.
The scattering angle, at this order, is simply Av/v. We will make use of this

frame in later sections as well.

We note in passing that the second term in the numerator equation (3.50)) is a
quantum correction. It will ultimately be suppressed by ¢2/b?, and in addition
would contribute only a contact interaction, as it leads to a 6®(b) term in the

impulse.

Gravity

Rather than compute gravity amplitudes using the Feynman rules associated
with the Einstein—Hilbert action, we can easily just apply the double copy where
we have knowledge of their gauge theory counterparts. The generalisation of
the traditional BCJ gauge theory replacement rules [145, [146] to massive matter
states was developed by Johansson and Ochirov [I50]. In our context the colour-
kinematics replacement is simple: the amplitude only has a ¢-channel diagram,
making the Jacobi identity trivial. Thus by replacing the colour factor with the
desired numerator we are guaranteed to land on a gravity amplitude, provided
we replace g — 3, where k = V327G is the coupling in the Einstein—Hilbert

Lagrangian.

A minor point before double-copying is to further rescaleﬂ the (dimensionful)
colour factors as C% = \/50“, such that

2
9°2p1 -pa+O(h) ~, =
o ! 252 ()01-02. (3.59)

2We choose this normalisation as it simplifies the colour replacements in the double copy.

A(O)(Plypz — p1+hq,p2 — hq) =
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Then replacing the colour factor with the (rescaled) scalar numerator from

equation (3.51]), we immediately obtain the gravity tree amplitudeﬂ

4 (’f> (pr-p2)® + O(h) .

=1 -

> - (3.60)

MO (py,ps — p1 + hg,ps — hq) =
This is not quite an amplitude in Einstein gravity: the interactions suffer from
dilaton pollution, as can immediately be seen by examining the amplitude’s

factorisation channels:

m (a K\? i (@) @ \ v
lim (1M ) = —4 (5) Piok (Pihs + Dihs) s (3.61)
where
p0 _poo b @ D L 36
ppvy T nu(unu)u D_ 27],u,u771/1/ an i = —D — 27]““7711” .

are the D-dimensional de-Donder gauge graviton and dilaton projectors respec-
tively. The pure Einstein gravity amplitude can now just be read off as the part
of the amplitude contracted with the graviton projector. We find that

(0) _ N k\2 4 o 1 5
Mer(p1,p2 = p1 +hG,p2 —hq) = — | = B (p1-p2) — gmim; - (3.63)

2
Following the same steps as those before (3.53)), we find that the LO impulse for
massive scalar point-particles in general relativity (such as Schwarzschild black

holes) is

(272__ 1) qu )

2 A oA ~ S
AP = —2imym, (g) / d'q 6(2q - u1)0(2q - ug)e I (3.64)
q

Integrating as in equation ({3.55)) yields the well known 1PM result [252, 253]

2Gmim b+

3.3.2 Next-to-leading order impulse

At the next order in perturbation theory, a well-defined classical impulse is only

obtained by combining all terms in the impulse (Ap/’) of order g*. As we discussed

3The overall sign is consistent with the replacements in [145 [146] for our amplitudes’
conventions.
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in section , both [é‘l) and Ié) contribute. We found in equation ([3.47))
that the impulse is a simple integral over an impulse kernel Iﬁ’(l), defined in
equation ((3.48]), which has a well-defined classical limit.

The determination of the impulse kernel at this order requires us to compute the
four-point one-loop amplitude along with a cut amplitude; that is, an integral
over a term quadratic in the tree amplitude. We will compute the NLO impulse
in scalar Yang—Mills theory. As the one-loop amplitude in gauge theory is simple,

we compute using on-shell renormalised perturbation theory in Feynman gauge.

Purely Quantum Contributions

The contributions to the impulse in the quantum theory can be divided into three
classes, according to the prefactor in the charges they carry. For simplicity of
counting, let us momentarily restrict to Abelian gauge theory, with charges Q..
There are then three classes of diagrams: I'y, those proportional to Q3Qs; T,
those to Q?Q%; and I's, those to QQ3. The first class can be further subdivided
into I'y,, terms which would be proportional to Q;(Q?% 4+ n,Q3)Q, were we to add
n, species of a third scalar with charge (03, and into I'y;,, terms which would retain
the simple Q3Q, prefactor. Likewise, the last class can be further subdivided into
3,4, terms which would be proportional to Q1(Q3 + nsQ3%)Q», and into I's;, those

whose prefactor would remain simply Q;Q3.

Classes I'1, and I's, consist of gauge boson self-energy corrections along with
renormalisation counterterms. They appear only in the 1-loop corrections to the
four-point amplitude, in the first term in the impulse kernel Ifl’(l). As one may
intuitively expect, they give no contribution in the classical limit. Consider, for
example, the self-energy terms, focussing on internal scalars of mass m and charge

;- We define the self-energy via

QII(¢%) (q%uv—q“ql’) EWL}NQWM + WQVW +  n@rnnn s (3.66)

q q q

where we have made the projector required by gauge invariance manifest, but
have not included factors of the coupling. We have extracted the charges @);

for later convenience. The contribution of the photon self-energy to the reduced
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4-point amplitude is

(2p1 + Nq) - (2p2 — Nq)
h2q?

An = Q1Q:2Q7 I(A*G%) . (3.67)
The counterterm is adjusted to impose the renormalisation condition that
I1(0) = 0, required in order to match the identification of the gauge coupling
with its classical counterpart. As a power series in the dimensionless ratio
q?/m? = h?@*/m?, which is of order ¢2/b?,

(¢*) = h’A’H’(O):’{Li2 + O(i—i) : (3.68)

The renormalisation condition is essential in eliminating possible contributions of
O(R°). One way to see that Ay is a purely quantum correction is to follow the
powers of i. As II(q?) is of order k%, Ay is of order A°. This gives a contribution
of O(h) to the impulse kernel (3.48)), which in turn gives a contribution of O(h)

to the impulse, as can be seen in equation (3.47)).

Alternatively, one can consider the contribution of these graphs to Ap/p.
Counting each factor of ¢ as of order b, and using I1(¢?) ~ ¢?/b?, it is easy

to see that these self-energy graphs yield a contribution to Ap/p of order
o’ [(mb)? ~ (p,/6%) (Le/b).

The renormalisation of the vertex is similarly a purely quantum effect. Since the
classes I'1, and I's;, consisted of vertex corrections, wavefunction renormalisation,

and their counterterms, they too give no contribution in the classical limit.

These conclusions continue to hold in the non—Abelian theory, with charges
promoted to colour factors C,. The different colour structures present in each
class of diagram introduces a further splitting of topologies, but one that does

not disrupt our identification of quantum effects.

Classical colour basis

This leaves us with contributions of class I'y; these appear in both terms in the

impulse kernel. These contributions to the 1-loop amplitude in the first term take
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the form

D1 pP1+q

AN (p1, p2 = 1, 0)) O)

b2 —q

| +g+§+g
A3

In each contribution, we count powers of h following the rules in section [2.3.1]
replacing ¢ — hf and ¢ — hg. In the final double-seagull contribution, we will get
four powers from the loop measure, and four inverse powers from the two photon
propagators. Overall, we will not get enough inverse powers to compensate the
power in front of the integral in equation , and thus the seagull will die in

the classical limit.

We will refer to the remaining topologies as the box B, cross box C, triangles 7,3,
and non-Abelian diagrams Y, respectively. Applying the colour decomposition
of equation ([3.49)), the 1-loop amplitude contributing classically to the linear part

of the impulse is

AW (py, py = P, py) = CO:O B+ C(X) ¢+ C<X> Tio
+e(X) T +e(X) vie+e(X) Yar. (3.70)

A first task is to choose a basis of independent colour structures. The complete

set of colour factors can easily be calculated:

c():() — Cececte?, C(X) — cecteros,
C(X) — hCo fibcogcg, 1C<Y) — hCCh ey, (3.71)
¢(X) =501 +5¢(X) =¢(X)-
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At first sight, we appear to have a basis of four independent colour factors: the
box, cross box and the two non-Abelian triangles. However, it is very simple

to see that the latter are in fact both proportional to the tree colour factor of
equation (3.51)); for example,

C(X) _ S'Cizfabc[og’ 20] — ?fabc.fbcdcizc«g
12
-5¢(0).

where we have used equation (2.28)). Moreover, similar manipulations demon-

(3.72)

strate that the cross-box colour factor is not in fact linearly independent:

c(X) = COCT (COCh — ihfateCy)
ih

Sler ch e (3.73)

~e() + (X))

Thus at 1-loop the classically significant part of the amplitude has a basis of

= (C1- C)(Cr - Co)

two colour structures: the box and tree. Hence the decomposition of the 1-loop

amplitude into partial amplitudes and colour structures is

A (py, py = P, py) = CO:O [B +C +Tis + T21]

h? T T . .
+5C<I) {C+§+%+2Yn+%1 . (3.74)

This expression for the amplitude is particularly useful when taking the classical
limit. The second term is proportional to two powers of i, while the only possible
singularity in % at one loop order is a factor 1/ in the evaluation of the kinematic
parts of the diagrams. Thus, it is clear that the second line of the expression
must be a quantum correction, and can be dropped in calculating the classical
impulse. Perhaps surprisingly, these terms include the sole contribution from the
non-Abelian triangles Y, 4, and thus we will not need to calculate these diagrams.
We learn that classically, the 1-loop scalar YM amplitude has a basis of only one

colour factor:
AN (p1,pa — Pl ph) = C():O {B +C+Tha + T | +O(R). (3.75)

Moreover, the impulse depends on precisely the same topologies as in QED [1].
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Triangles

Let us first examine the two (colour stripped) triangle diagrams in equation (3.75).
They are related by swapping particles 1 and 2. The first diagram is

b1 p1+q

. 5 2p1+4) - (2p1 +q+ 1)
Ty = =—-2[d"? ( . .
iz N / ¢ 20— q)%(2py - £+ €2 + ie) (3.76)

b2 P2 —q

In this integral, we use a dimensional regulator in a standard way (D = 4 — 2¢)
in order to regulate potential divergences. We have retained an explicit ie in the

massive scalar propagator, because it will play an important role below.

To extract the classical contribution of this integral to the amplitude, we recall
from section that we should set ¢ = hg and ¢ = A/, and therefore that the
components of ¢ and ¢ are all small compared to m. Consequently, the triangle

simplifies to

4im?2 [ ~ - 1
Ty = L dt —— _ . 3.77
27 /‘ (0 — q)2(py - £+ ie) (3.77)

Here, we have taken the limit D — 4, as the integral is now free of divergences.
Notice that we have exposed one additional inverse power of h. Comparing to
the definition of Ig’(l) in equation , we see that this inverse power of h will
cancel against the explicit factor of A in [ (“1)(10)1, signalling a classical contribution

to the impulse.

At this point we employ a simple trick which simplifies the loop integral appearing
in equation (3.77), and which will be of great help in simplifying the more
complicated box topologies below. The on-shell condition for the outgoing

particle 1 requires that p; - ¢ = —hq?/2, so replace £ — ' = G — { in Tyy:

4im? [ ~, - 1
Ty = ——L [ d —— _
12 A / 02(0 = q)2(py - U + ha? — ie) (3.78)
4im? [ - 1 '
- _ dA0 —— _ OR°
h/m PO 7= o)

Because of the linear power of h appearing in equation (3.48)), the second term is
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in fact a quantum correction. We therefore neglect it, and write

4im? [ -, - 1
Ty = — 1 d4f _ — , 3.79

12 h / (0= q)2(py - L — ie) (3.79)
where we have dropped the prime on the loop momentum: ¢ — ¢. Comparing
with our previous expression, equation (3.77)), for the triangle, the net result of
these replacements has simply been to introduce an overall sign while, crucially,
also switching the sign of the ie term. Symmetrising over the two expressions for

T19, we learn that

2mi [ 5~ 5(]91 'Z)
Ty = - /d EZQ(Z— el (3.80)
using the identity
CHRE io(x) . (3.81)

T —1€ T +1€

The second triangle contributing to the amplitude, 751, can be obtained from T}

simply by interchanging the labels 1 and 2:

~

2m2 [+ 0(p2-0)
Ty = =2 [ d* —= : 3.82
T h / P2(0 — )2 (3.82)

These triangles contribute to the impulse kernel via

T e = PO C():() (T12 + Ton)
di0 ) B ) ~ (3.83)
_ 2 5 2 2
=2 (CI . 02) q”/m (mlé(pl £> + m25(p2 . 5)) .

Recall that we must integrate over the wavefunctions in order to obtain the
classical impulse from the impulse kernel. As we have discussed in section [2.3.1],
because the inverse power of h here is cancelled by the linear power present
explicitly in equation , we may evaluate the wavefunction integrals by
replacing the p, by their classical values m,u,. The result for the contribution

to the kernel is

. 1 . _ . _
I{L = 2(01 . Cg)z@u/d4€ M——(j)Q (mld(ul . g) —+ m2(5(u2 . f)) . (384)

One must still integrate this expression over ¢, as in equation (3.47)), to obtain

the contribution to the impulse.
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Boxes

The one-loop amplitude also includes boxes and crossed boxes, and the NLO
contribution to the impulse includes as well a term quadratic in the tree amplitude
which we can think of as the cut of a one-loop box. Because of the power of & in
front of the first term in equation , we need to extract the contributions of all
of these quantities at order 1/h. However, as we will see, each individual diagram
also contains singular terms of order 1/h?. We might fear that these terms pose an
obstruction to the very existence of a classical limit of the observable in which we
are interested. As we will see, this fear is misplaced, as these singular terms cancel
completely, leaving a well-defined classical result. It is straightforward to evaluate
the individual contributions, but making the cancellation explicit requires some

care. We begin with the colour-stripped box:

p1 p1+q
B e A
02(0—q)%(2py - 0+ 02 +ie)(—2py - L+ 02 +i€)
p2 p2 —_ q

1 /CZDZ [4p 'p2—2ﬁ(131 —p2) 'Z—hsz] [4}?1 -p2—2R(p1 —?2)'(@‘@) —n*(l+q)?]
h2+2¢ 20— q)%(2py - £ + hl? +i€)(—2py - £ + hl? + ie) ’
(3.85)
where as usual, we have set ¢ = hq, ¢ = hfl. We get four powers of h from changing
variables in the measure, but six inverse powers from the propagatorsﬂ We thus
encounter an apparently singular 1/h? leading behaviour. We must extract both
this singular, O(1/h?), term as well as the terms contributing in the classical
limit, which here are O(1/h). Consequently, we must take care to remember that

the on-shell delta functions enforce ¢ - p; = —hg*/2 and q - p» = hq?/2.

Performing a Laurent expansion in A, truncating after order 1/A, and separating

4We omit fractional powers of & in this counting as they will disappear when we take D — 4.
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different orders in h, we find that the box’s leading terms are given by

B=B_,+B,,
4i dPr
B =5 (p1-p2)? | == 7 7
= e 1 P2) /62(6—@2@1-£+z’e><p2-£—z’e>’
o / po (3.86)
O TR BT (py Tt i) (pa - L — ie)

(p1-p2)l® _ (p1-p2)l®

(pr-C+ie)  (py-l—ie)

X [2(171 —p2) - L+

Note that pulling out a sign from one of the denominators has given the
appearance of flipping the sign of one of the denominator ie terms. We must
also bear in mind that the integral in B_; is itself not h-independent, so that we

will later need to expand it as well.

Similarly, the crossed box is

D1 p1+q
p1+L

iC = (3.87)

P2 P2 —q

_ /Cng (2p1+0) - (2p2 —2¢+O)(2p1 + g+ ) - (2p2 — g+ 0)
20— q)?(2py - L+ 2 +ie)(2p2 - (£ — q) + (£ — q)% + i)

— L/CZDZ (2p1 + Rl) - (2p2 — 2hq + hL) (2p1 + hq + D) - (2p2 — hg + hl)
h2+2e (0= q)2(2p1 - L+ K2 +i€)(2ps - (L — §) + h(L — §)2 + ie) )

Using the on-shell conditions to simplify p, - ¢ terms in the denominator and
numerator, and once again expanding in powers of /i, truncating after order 1/h,

and separating different orders in A, we find

C=C_+CCy,
4i dPr 1
Oy — ) / _d _ _
! h2t2e (p1-p2) 0 —q)? (p1- L+ i€)(ps - L+ ic)
21 dPr (3.88)

e TR ol Ty cT oy Sy S
_ (p1-pa)? (p1 - p2) (0 — @)% — 3%
9 0 L. _ _
x [ (p1+ p2) (p1 - €+ i€) (p2 - €+ i€)

Comparing the expressions for the O(1/h?) terms in the box and the crossed
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box, B_; and C_; respectively, we see that there is only a partial cancellation
of the singular, O(1/h?), term in the reduced amplitude A®Y. The impulse
kernel, equation , does contain another term, which is quadratic in the
tree-level reduced amplitude A©. We will see below that taking this additional
contribution into account leads to a complete cancellation of the singular term,;

but the classical limit does not exist for each of these terms separately.

Cut Box

In order to see the cancellation of the singular term we must incorporate the term
in the impulse kernel which is quadratic in tree amplitudes. As with the previous
loop diagrams, let us begin by splitting the colour and kinematic information as

in equation (3.49)). Then the quadratic term in (3.48)) can be written as

25 =€ (X0) () B (3.89)

where the kinematic data B can be viewed as proportional to the cut of the

one-loop box, weighted by the loop momentum Aw":

p1 + hq

P1 ‘
B = —in? /J4ww“$(2pl.w+hm2)5(2p2-w-hﬁ) X hw@i:{ .. (3.90)
D2 " pa—hg

Note that an additional factor of % in the second term of equation (3.48)) will be
multiplied into equation (3.96) below, as it parallels the factor in the first term
of equation (3.48)). Evaluating the Feynman diagrams, we obtain

S T e
B = iz [ d'W(2p1 W + W00 (2p, - W — WD?) (W — q)?

X (2p1 + hw) - (2ps — wh) (2p1 + hq + hw) - (2ps — hq — hw) . (3.91)
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As in the previous subsection, expand in A, and truncate after order 1/h, so that

B" =B, + By,

M o 4Z 2 &4[7@” A — A _

BZ, = ~ 32 (P p2) /més(pl 0)d(p2 - ), (3.92)
p_ 2 [ A

30 = _E(pl 'Pz) /mﬁ (5 (pl '5)5(]02 : 5) - 5(2?1 '5)5 (P2 : g)) .

We have relabelled @ — ¢ in order to line up terms more transparently with

corresponding ones in the box and crossed box contributions.

Finally, it is easy to see that the cut box colour factor in (3.89) is simply

C(I)TC(I) = (G2 (- o) =) - (3.93)

Thus there is only one relevant colour structure in the NLO momentum impulse,

that of the box. This will be important in the following.

Combining Contributions

We are now in a position to assemble the elements computed in the three previous
subsections in order to obtain the NLO contributions to the impulse kernel I(’fl’(l),
and thence the NLO contributions to the impulse using equation . Let us
begin by examining the singular terms. We must combine the terms from the
box, crossed box, and cut box. We can simplify the cut-box contribution B* 1 by

exploiting the linear change of variable ¢/ = g — ¢:
4i Ag— gt — Z/,U‘ A — A~ —
L L s T A LV S Y

43 e (@ —01) . 5 _ g 7 ~
B _ﬁ@l -p2)2/d4€ —(q——)é(pl A+ hg?)2)d(py - € — hq*/2)

= _%Q?l 'pQ)QQM/CZ4€ o ?6(2}2 = +0(1/h), (3.94)

where we have used the on-shell conditions to replace p;-q¢ — —hg*/2 and py-q —
hq?/2, and where the last line arises from averaging over the two equivalent

: I
expressions for B ;.

We may similarly simplify the singular terms from the box and cross box. Indeed,

64



using the identity (3.81]) followed by the linear change of variable, we have

B,+C,=

4 ) dPr 1 A =
_ ) __ - O(py - 0
;—L2+25(p1 p2) /52(f—@)2 (p1 - € + ie) (p2-0)
4Q%()2 dPv S(ps - U — hg? /2
- ,531?:( 1)’ / T Py = g /2) (3.95)
(0" — )2 (p1 - O + hq? /2 — ie)

_ ' o(p; - @5(]?2 -0)
= ﬁ(pl'm) / 2l —q)?

O(1/h),

where we have averaged over equivalent forms, and then used equation (3.81]) a
second time in obtaining the last line. At the very end, we took D — 4.

Combining equations (3.94]) and (3.95), we find that the potentially singular
contributions to the impulse kernel in the classical limit are

A singular = hg“C():() (B.i+C)+ hC():() B,
2 'l ( ) ( Z)
[ =

=7 —(p1-p2)°7" (Cy - Co)?
—/ci4l7 5(101 ) ?)5(1_72 -0)
(- q)?

(3.96)
+ O(R°)

= O(1Y).

Since all terms have common colour factors the dangerous terms cancel, leaving

only well-defined contributions.

It remains to extract the O(1/h) terms from the box, crossed box, and cut box
contributions, and to combine them with the triangles , which are of this
order. In addition to By from equation , Cy from equation , and
By from equation (3.92)), we must also include the O(1/h) terms left implicit in
equations and . In the former contributions, we can now set p,-q = 0,
as the A terms in the on-shell delta functions would give rise to contributions of
O(R°) to the impulse kernel, which in turn will give contributions of O(k) to the
impulse. In combining all these terms, we make use of summing over an expression
and the expression after the linear change of variables; the identity ; and
the identity

Fla)— ' (3.97)
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One finds that

hq"(Bo + Co) + [Aq"(B-1 + C_1)] = ZF

|O(h0)

+2(p1 - p2)°q /52(f_q)2 (5(p2 0) o TTicP +0(p1-0) (pQ.g—ie)z) ’ (3.98)
hBy + [MBL_LJ ‘o(hO) =7

—2i(p1 - p2) /WWE'(K—Q) (0" (p1-0)d(p2-0) = &' (p2-0)d(p1-0)) ,

where we have now taken D — 4, and where the quantity Z* is
(20-q— ) (S (pr-0)d(p2-1)

~ —

- 5/(172'5)5@1’2)) . (3.99)

. . dil
Z* =i(py 'p2)2qu/m

Finally, we integrate over the external wavefunctions. The possible singularity
in A has cancelled, so as discussed in section [2.3.1, we perform the integrals
by replacing the momenta p, with their classical values my,u,, and replace
the quantum colour factors with classical colour charges. The box-derived
contribution is therefore
- _
75 = 2(cy - @)%%“/ﬁ(mﬁ(uy@%

+ m1$<u1-@%

) . (3.100)

while that from the cut box is

e
_ . 2 2 _
Ty =—2ile- ey /WW'@—Q)

X (mQS'(ul-Z)é(UQ-Z) - mléf(uz-Z)S(ul-Z)) . (3.101)

In both contributions we have dropped the Z# term which cancels between the

two. The full impulse kernel is given by the sum ZI' + Z)' + 7%, and the impulse
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- 4
Aprt = %h/d‘*qé(q- )8 (G - un)e™ T (T + TH + T)

- 4 62457 o R -
B %(Cl : 02)2/md4q5(q ~u1)d(q - uz)e” '
O(uy - 0)  O(uy- 0
X {q“( (w8 | ous )) (3.102)
o my
L (Olug-l) L-({—q) 0(us-0) 0-({—q)
2 i - ~
7 < . (el | ma (el —ie)?

5 (ur-0)d(us-f) 5’("&2'5)3(“1'@” ,

my mo

BT ) (

It was shown in [2] that this result is precisely reproduced by applying worldline
perturbation theory to iteratively solve the Yang-Mills-Wong equations in
equation . Moreover, our the final result for the impulse in non-Abelian
gauge theory is in fact identical to QED [I] (in which context this calculation
was first performed), but with the charge to colour replacement Q1Qy — ¢ - ¢o.
This is a little peculiar, as it is natural to expect the non-linearity of the Yang—
Mills field to enter at this order (and it does so in the quantum theory). The
origin of the result is the colour basis decomposition in equation , and in
particular the fact that the non-Abelian triangle diagrams only contribute to the

h? suppressed second colour structure.

With the relevant Yang-Mills amplitude at hand, one may of course wonder
about the prospect of double copying to obtain the NLO impulse in gravity. The
construction of colour-kinematics dual numerators at loop level following our
methods is highly non-trivial; however, recent progress with massive particles
may now make this problem tractable [149]. It is also interesting to compare
our methods to those of Shen [109], who implemented the double copy at NLO
wholly within the classical worldline formalism following ground-breaking work
of Goldberger and Ridgway [103]. Shen found it necessary to include vanishing
terms involving structure constants in his work. Similarly, in our context, some
colour factors are paired with kinematic numerators proportional to h. It would
be interesting to use the tools developed in these chapters to explore the double

copy construction of Shen [I09] from the perspective of amplitudes.

The agreement of (3.102)) with worldline perturbation theory offers a strong

check on our formalism, and is of greater importance than the evaluation of
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the remaining integrals, which also arise in the classical theory. Their evaluation
is surprisingly intricate; however, we can gain some interesting insights into the

physics just from considering momentum conservation.

On-Shell Cross Check

As we have seen, careful inclusion of boxes, crossed boxes as well as cut boxes are
necessary to determine the impulse in the classical regime. This may seem to be at
odds with other work on the classical limit of amplitudes, which often emphasises
the particular importance of triangle diagrams to the classical potential at next to
leading order. However, in the context of the potential, the partial cancellation
between boxes and crossed boxes is well-understood [33], and it is because of
this fact that triangle diagrams are particularly important. The residual phase
is known to exponentiate so that it does not effect classical physics. Meanwhile,
the relevance of the subtraction of iterated (cut) diagrams has long been a topic
of discussion [35], 40}, 256].

Nevertheless, in the case of the impulse it may seem that the various boxes play
a more significant role, as they certainly contribute to the classical result for the
impulse. In fact, it is easy to see that these terms must be included to recover
a physically sensible result. The key observation is that the final momentum,
ri’, of the outgoing particle after a classical scattering process must be on shell,
2 = md.
We may express the final momentum in terms of the initial momentum and the
impulse, so that

i =pi + Apf. (3.103)

The on-shell condition is then
(Ap1)? +2p; - Ap; = 0. (3.104)

At order g%, this requirement is satisfied trivially. At this order (Ap;)? is
negligible, while

~ - U - U

p1 - Apy = imygie; - 02/d4q_5(q_ ur)d(q - u) e gy Z 0, (3.105)

using our result for the LO impulse in equation (3.53]).
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The situation is less trivial at order g?, as neither p; - Ap; nor (Ap;)? vanish. In
fact, at this order we may use equation (3.53|) once again to find that

(Ap1)? = —g*(c1- 2)* (ug - up)?

Y AL N [ _i——/.Q'q/
X /d4q d'q 0(q - u1)o(q - u2)0(q - ur)o(q - ug) e (@ra) W . (3.106)
Meanwhile, to evaluate p; - Ap; we must turn to our NLO result for the impulse,
equation (3.102). Thanks to the delta functions present in the impulse, we find

a simple expression:

~

2p1 - Apy = g*(c1 - ¢2)? (uq - U2)2/d4q(§(q )8(q - up) 71T

X /CZW- wy 8'(0 - uy)o (€ - uy) __qz . (3.107)

To simplify this expression, it may be helpful to imagine working in the restframe

of the timelike vector u;. Then, the  integral involves the distribution ¢ &' (Z),

while g, = 0. Thus the £, integral has the form
/ dlo o 8 (0y) f(£e?) = — / dly 6(0y) f(0o?) . (3.108)
Using this observation, we may simplify equation (13.107]) to find

2p - Apy = —94(01 : 02)2 (Ul : U2)2
[ #5753 )b et D
(E=0”  13109)

= 94('31 '02)2 (u1 'U2)2
MMM A, A — A, N, _,L-’—/. 'q,
< [t BT S0 )il )3 ) e et

|

~
[\

where in the last line we set ¢ = § — £. This expression is equal but opposite to
equation (|3.106[), and so the final momentum is on-shell as it must be.

It is worth remarking that the part of the NLO impulse that is relevant in
this cancellation arises solely from the cut boxes. One can therefore view this
phenomenon as an analogue of the removal of iterations of the tree in the

potential.
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3.4 Beyond next-to-leading-order

We have worked in this chapter under the premise of studying conservative
scattering. Yet the LO and NLO impulse are only conservative in the sense
that momentum is simply exchanged from particle 1 to particle 2 at these orders.
However, beyond these lowest orders in perturbation theory physics does not
clearly distinguish between conservative and dissipative behaviour: we will see
shortly that at NNLO momentum can be radiated away, and moreover back-reacts
on the impulse. To complete our on-shell formalism we must therefore incorporate
radiation — the interplay between the impulse and the radiated momentum forms

the subject of our next chapter.
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Chapter 4

Radiation: emission and reaction

4.1 Introduction

Gravitational wave astronomy relies on extracting measurable data from radi-
ation. In this chapter we will therefore apply the methods developed for the
impulse to construct a second on-shell and quantum-mechanical observable, the

total emitted radiation.

These two observables are not independent. Indeed, the relation between them
goes to the heart of one of the difficulties in traditional approaches to classical field
theory with point sources. In two-particle scattering in classical electrodynamics,
for example, momentum is transferred from one particle to the other via the
electromagnetic field, as described by the Lorentz force. But the energy-
momentum lost by point-particles to radiation is not accounted for by the Lorentz
force. Conservation of momentum is restored by taking into account an additional
force, the Abraham—Lorentz—Dirac (ALD) force [T18-122] 257]; see e.g. refs. [258-
263| for more recent treatments. Inclusion of this radiation reaction force is not
without cost: rather, it leads to the celebrated issues of runaway solutions or

causality violations in the classical electrodynamics of point sources.

Using quantum mechanics to describe charged-particle scattering in should cure
these ills. Indeed, we will see explicitly that a quantum-mechanical description
will conserve energy and momentum in particle scattering automatically. First,
in section we will set up expressions for the total radiated momentum

in quantum field theory, and show that when combined with the impulse of
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the previous chapter, momentum is automatically conserved to all orders in
perturbation theory. We will apply our previous investigation of the classical
limit in section [4.3] introducing the radiation kernel and discussing how it relates
to objects familiar from classical field theory. In section [4.4] we explicitly compute
the radiation kernel at leading order in gauge and gravitational theories, and
using its form in QED explicitly show that our impulse formalism from chapter
reproduces the predictions of the classical Abraham-Lorentz—Dirac force. We
discuss the results of this and the previous chapter in section [4.5

This chapter continues to be based on work published in refs. [1], 2].

4.2 The momentum radiated during a collision

A familiar classical observable is the energy radiated by an accelerating particle,
for example during a scattering process. More generally we can compute the four-
momentum radiated. In quantum mechanics there is no precise prediction for the
energy or the momentum radiated by localised particles; we obtain a continuous
spectrum if we measure a large number of events. However we can compute the
expectation value of the four-momentum radiated during a scattering process.
This is a well-defined observable, and as we will see it is on-shell in the sense that

it can be expressed in terms of on-shell amplitudes.

To define the observable, let us again surround the collision with detectors which
measure outgoing radiation of some type. We will call the radiated quanta
‘messengers’. Let K# be the momentum operator for whatever field is radiated;

then the expectation of the radiated momentum is
(F") = oue (WIK"S [W)in = 30 (U] STKMS W)y, (4.1)

where |U);, is again taken as the wavepacket in equation (2.66). Once again
we can anticipate that the radiation will be expressed in terms of amplitudes.

Rewriting S = 1 + 4T, the expectation value becomes
RF = (k") = 1, (V]| STRKFS W)y, = i (U] TTKAT | W)y, (4.2)

because K#|W);, = 0 since there are no quanta of radiation in the incoming state.

We can insert a complete set of states |X;k;r; (1572 (o) containing at least one
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radiated messenger of momentum k, and write the expectation value of the

radiated momentum as follows:
R = Z/dq)(k)dq)(Tl)d‘p(rz)dﬂ(gl)dﬂ(@) kg(Rk;Tl Ci;r2 G X | T |‘I'>|2 (4.3)
X

In this expression, X can again be empty, and kf is the sum of the explicit
messenger momentum k* and the momenta of any messengers in the state X.
Notice that we are including explicit integrals for particles 1 and 2, consistent
with our assumption that the number of these particles is conserved during the
process. The state |k) describes a radiated messenger; the phase space integral

over k implicitly includes a sum over its helicity.

Expanding the initial state, we find that the expectation value of the radiated

momentum is given by

=3 [ darderadn(auc) 1

X

/d‘I)(Pl)d(D(p?)eib'pl/ﬁ@l(Pl)%pz(m)gw (pr+pe—ri—ra—k—rx) (4-4)
2
X <C1 Co X’A(pl yD2 — 11,72, k,TX)\Xl X2> )

where we have accounted for any representation states in X, with the appropriate
Haar measure implicity contained in the external sum. We can again introduce
momentum transfers, g, = pl, — pa, and trade the integrals over p/, for integrals
over the ¢,. One of the four-fold ¢ functions will again become 5(4)(% + q2), and
we can use it to perform the ¢, integrations. We again relabel ¢; — ¢q. The

integration leaves behind a pair of on-shell § functions and positive-energy ©

functions, just as in equations (3.12)) and (3.18)):

R = g /dq)(’f) [T d2(ra)d®(pa)d'q o1 (p1)e2(p2) i (1 + 0)03(p2 — )

a=1,2
X 0(2p1 - q+a2)0(2p2 - ¢ — O + ¢*)O(p — ¢°) (4.5)
x Ky e 5@ (py 4 py — 1y — 1y — k —7x)
x (A" (p1+q,p2—q— 11,72,k rx)A(pL,p2 = 11,72, k7))
Representation states have been absorbed into an expectation value as in

equation (3.9). We emphasise that this is an all-orders expression: the amplitude

A(p1,p2 — 11,79,k,7x) includes all loop corrections, though of course it can be
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expanded in perturbation theory. The corresponding real-emission contributions
are present in the sum over states X. If we truncate the amplitude at a fixed
order in perturbation theory, we should similarly truncate the sum over states.
Given that the expectation value is expressed in terms of an on-shell amplitude,

it is also appropriate to regard this observable as a fully on-shell quantity.

It can be useful to represent the observables diagrammatically. Two equivalent

expressions for the radiated momentum are helpful:

R =" [d(k)d®(r,)dD(ry) K

(0 (p1) (51 :
) k
x / AP (p:)d®(ps) €50 (3 p) . (46)
Ya(p2) T2

which is a direct pictorial interpretation of equation (4.4)), and

RE=3" [dd(k) T d®(ra)d®(pa)d®(p),) Ky e @ ri)/n
X

a=1,2
X 5(4)(291 +p2—171 —rg—k—rx)5(4)(p'1+p/2—r1 —Tg—k—rx)
rq
Y1(p1) = 1)
3
X : )
’T’X:
Va(p2) | V5 (ph)

T2

(4.7)

which demonstrates that we can think of the expectation value as the weighted
cut of a loop amplitude. As X can be empty, the lowest-order contribution arises

from the weighted cut of a two-loop amplitude.

4.2.1 Conservation of momentum

The expectation of the radiated momentum is not independent of the impulse.

In fact the relation between these quantities is physically rich. In the classical
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electrodynamics of point particles, for example, the impulse is due to a total time
integral of the usual Lorentz force, . However, when the particles emit
radiation the point-particle approximation leads to well-known issues. This is a
celebrated problem in classical field theory. Problems arise because of the singular
nature of the point-particle source. In particular, the electromagnetic field at the
position of a point charge is infinite, so to make sense of the Lorentz force acting
on the particle the traditional route is to subtract the particle’s own field from
the full electromagnetic field in the force law. The result is a well-defined force,

but conservation of momentum is lost.

Conservation of momentum is restored by including another force, the Abraham—
Lorentz—Dirac (ALD) force [IT8-122], acting on the particles. This gives rise to
an impulse on particle 1 in addition to the impulse due to the Lorentz force. The
Lorentz force exchanges momentum between particles 1 and 2, while the radiation

reaction impulse,

22 e’} d2 M #d d
ApYarp = te/ dT( pl"‘p_lﬂ‘ﬂ): (4.8)

6mmy dr?  midr dr

—00

accounts for the irreversible loss of momentum due to radiation. Of course, the

ALD force is a notably subtle issue in the classical theory.

In the quantum theory of electrodynamics there can be no question of violating
conservation of momentum, so the quantum observables we have defined must
already include all the effects which would classically be attributed to both the
Lorentz and ALD forces. This must also hold for the counterparts of these forces
in any other theory. In particular, it must be the case that our definitions respect
conservation of momentum; it is easy to demonstrate this formally to all orders
using our definitions. Later, in section [4.4.2] we will indicate how the radiation

reaction is included in the impulse more explicitly.

Our scattering processes involve two incoming particles. Consider, then,

(AP) + (Aph) = ([i[BY + Py, T]| W) + (U|TH[BY + B, T)|0)
= (U|i[ 3 P1, T |0) + (U|THPY + P, T)| W),

a @

(4.9)

where the sum > P¥ is now over all momentum operators in the theory, not
just those for the two initial particles. The second equality above holds because
P#|W) = 0 for a # 1,2; only quanta of fields 1 and 2 are present in the incoming

state. Next, we use the fact that the total momentum is time independent, or in
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other words
[Z P, T} —0, (4.10)

where the sum extends over all fields. Consequently,

(W]i[PY + Py, T]|) = (W|i[> PL,T]|W) =0. (4.11)
Thus the first term (¥|i[P}, T]|¥) in the impulse describes only the exchange
of momentum between particles 1 and 2; in this sense it is associated with
the classical Lorentz force (which shares this property) rather than with the
classical ALD force (which does not). The second term in the impulse, on
the other hand, includes radiation. To make the situation as clear as possible,
let us restrict attention to the case where the only other momentum operator
is K#, the momentum operator for the messenger field. Then we know that
[P} + P4 +KH#, T] = 0, and conservation of momentum at the level of expectation

values is easy to demonstrate:
(Apt) + (Aph) = —(U|TT[K", T)|W) = —(U|T'KIT|T) = —(k*) = —R", (4.12)

once again using the fact that there are no messengers in the incoming state.

In the classical theory, radiation reaction is a subleading effect, entering for two-
body scattering at order €% in perturbation theory in electrodynamics. This is
also the case in the quantum theory. To see why, we again expand the operator

product in the second term of equation (3.6]) using a complete set of states:

(TR TI[) = 3 [db(r)d@(radu()duc)
X (U Ty Cisra Gos X) (1 Giyra G X [P, T) W) . (4.13)

The sum over X is over all states, including an implicit integral over their
momenta and a sum over any other quantum numbers. The inserted-state
momenta of particles 1 and 2 (necessarily present) are labeled by r,, and the
corresponding integrations over these momenta by d®(r,). These will ultimately

become integrations over the final-state momenta in the scattering. To make the

76



loss of momentum due to radiation explicit at this level, we note that

MTW+%HWF—Z/@mMMMMMMQ
X
X (U TV |ry Ciira Gos X) (1 Cuyra Gy X PRT W), (4.14)

where Py is the sum over momentum operators of all quantum fields other than
the scalars 1 and 2. The sum over all states X will contain, for example, terms
where the state X includes messengers of momentum £* along with other massless
particles. We can further restrict attention to the contributions of the messenger’s
momentum to P%. This contribution produces a net change of momentum of

particle 1 given by

—Z/mwmmmwm@www
X
X () THk;yry Cusra Gos X) (ks Grire Gy X| T W) = — (k)| (4.15)

with the help of equation . Thus we explicitly see the net loss of momentum
due to radiating messengers. In any theory this quantity is suppressed by
factors of the coupling g because of the additional state. The lowest order case
corresponds to X = (); as there are two quanta in |¢), we must compute the
modulus squared of a five-point tree amplitude. The term is proportional to
g%, where g is the coupling of an elementary three-point amplitude; as far as
the impulse is concerned, it is a next-to-next-to-leading order (NNLO) effect.
Other particles in the state X, and other contributions to its momentum, describe

higher-order effects.

4.3 Classical radiation

Following our intensive study of the classical limit of the impulse in the previous
chapter, the avenue leading to the classical limit of R* is clear: provided we work
with the wavefunctions of chapter [2/in the the Goldilocks zone £, < £, < L, we
can simply adopt the rules of section [3.2] In particular the radiated momentum
k will scale as a wavenumber in the classical region. This is enforced by the

energy-momentum-conserving delta function in equation (4.5)), rewritten in terms
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of momentum transfers w, = ro, — Pa:
S (wy +wy +k+ryx). (4.16)

The arguments given after equation (3.41) then ensure that the typical values
of all momenta in the argument should again by scaled by 1/h and replaced by

wavenumbers.

With no new work required on the formalities of the classical limit, let us turn to
explicit expressions for the classical radiated momentum in terms of amplitudes.
Recall that our expressions for the total emitted radiation in section 4.2l depended
on ¢, which represents a momentum mismatch rather than a momentum transfer.
However, we expect the momentum transfers to play an important role in the
classical limit, and so it is convenient to change variables from the r, to make

use of them:

RM = Z /d@(k:) H dq)(pa)d4wad4q 5‘(2pa e + w2)O(P2 + w?)
X

)

X 6(2p1 g+ a*)0(2ps - ¢ — ¢)O:° + ¢°)O(p2° — ¢°) 1 (p1)a(p2) )
X gof(pl + q)<p§(p2 — q) kg( eiib'q/hg(zl) (w1 + Wo + k + TX> ’
X (A"(p1 +q.,p2 —q—=p1+wi,pa +wa, k,7x)

X A(p1,p2 = p1 +wi,p2+wa, k,rx)).

We can now recast this expression in the notation of equation ([3.42]):

R=3 << [ TT dtwadiq Sap - + w20 + )

X a=1,2
X 0(2p1 - g+ q*)0(2ps - g — ¢*)0W (wy + wa + k + rx)O(p° + ¢°)

. (4.18)
x O(p2® — %) e VN A (py + q,p2 — ¢ — p1 +wy Py +wy K, rx)

X A(p1,p2 —>p1+w1,p2+w2,k,rx)>>.

We will determine the classical limit of this expression using precisely the same
logic as in the preceding chapter. Let us again focus on the leading contribution,
with X = (). Once again, rescale ¢ — hg, and drop the ¢? inside the on-shell
delta functions. Here, remove an overall factor of §° and accompanying A’s from
the amplitude and its conjugate. In addition, rescale the momentum transfers
w — hw and the radiation momenta, k — hk. At leading order there is no

sum, so there will be no hidden cancellations, and we may drop the w? inside the
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on-shell delta functions to obtain

REO = g6<<h4/dq>(k) [T d@ad* 3520 - pa)d(2G - p1)3(2G - p2) e~

a=1,2

x k" A% (py + hq,ps — hq — p1 + 0y, py + Wy , hk) (4.19)

X A(O)(pl’p2 — pl + hwl 7p2 + hw2 ) h]%) 8(4)(E1 +w2 + ]%) >> ’

We will make use of this expression below to verify that momentum is conserved

as expected.

One disadvantage of this expression for the leading order radiated momentum
is that it is no longer in a form of an integral over a perfect square, such as
shown in equation . Nevertheless we can recast equation in such
a form. To do so, perform a change of variable, including in the (momentum
space) wavefunctions. To begin, it is helpful to write equation as

=511 / 0B (pa) [0 (pe) / 0B (K)dD(wn + pa)dB(ga + po)

X a=12
x 60 (wy 4wy + k +rx )0 (qr + go) e PO/ EE (4.20)
X (A"(p1+q1,p2+ G2 = p1 +wi ,p2 +we , k,7x)
X A(p1,p2 = p1 +wy,p2+wa, k,rx)) .

We will now re-order the integration and perform a change of variables. Let us
define po, = pa — Wa, o = Qo + W, and W, = —w,, changing variables from p,,

to Pu, from g, to ¢, and from w, to W,:

R=%TI /d@(pa)dq><k)dcp(wa ) dDB(G + P o (P + )2

X a=1,2
X 0@ (i 0y — k =)0 (@ + @2 =k —rx) e TETIIRE (401
X (A"(p1+ G, P2+ G = P1,D2, k,7x)
X A(py + Wy, P2+ Wy — P1, P2, k,rx)) .

As the w, implicitly carry a factor of A, just as argued in section for the
momentum mismatch ¢, we may neglect the shift in the wavefunctions. Dropping

the tildes, and associating the w, integrals with A and the ¢, integrals with A*,
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our expression is revealed as an integral over a perfect square,

Ri=> 1] <</dc1>(k)k:‘;(

X a=12

/dCI)(wa + Pa) 5(4)(101 +wy —k—r1x)

(4.22)
‘ 2
X ezb'wl/h-A(pl +wy, pr +wy = p1,p2.k,rx) >> .
The perfect-square structure allows us to define a radiation kernel,
R(k7rX) = h3/2 H /dq)(poc + wa) 5(4)(w1 + we — k— TX)
a=1,2
x et/h A(py 4wy, p2 +wy — p1,p2, k,rx),
(4.23)

=h3/? H /ci4wa 5(2pa W+ w?) 5(4)(11)1 +wy —k —rx)

a=1,2

X @(pg + wg) 6ib.u“/h"4(pl + Wi, P2 + Wg — P1,P2, k’,Tx> )

so that

Ry = XX: ﬁ3<</d<1>(k) K |R(k,rx)\2>> : (4.24)

The prefactor along with the normalization of R are again chosen so that the
classical limit of the radiation kernel will be of O(h°). Let us now focus once
more on the leading contribution, with X = (). As usual, rescale w — hw, and
remove an overall factor of §® and accompanying A’s from the amplitude and its

conjugate. Then the LO radiation kernel is

ROK) =1 [] / 00 (2P0 - We + WT2) 6 (W, + T — F)e>™
a=1,2 (4.25)

x A (py + W0y, pa + Wty — py p2 , B,

ensuring that the leading-order momentum radiated is simply

RMO — g6<< / dd (k) k" \R<O>(%)\2>> . (4.26)

Conservation of momentum
Conservation of momentum certainly holds to all orders, as we saw in section[4.2.1]

However, it is worth making sure that we have not spoiled this critical physical

property in our previous discussion, or indeed in our discussion of the classical
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impulse in section One might worry, for example, that there is a subtlety

with the order of limits.

There is no issue at LO and NLO for the impulse, because
Ay @+ Apy @ =0, AptY 4 Apy = 0. (4.27)

These follow straightforwardly from the definitions of the observables, equa-
tion and equation . The essential point is that the amplitudes
entering into these orders in the impulse conserve momentum for two particles.
At LO, for example, using equation the impulse on particle 2 can be written

as

P

1 N ~ ~ o o
Apg(o) = %<<h2/d4671d4§2 3(qr - p1)d(q 'P2)5(4)((71 + ¢2)
x e g A (p1, p2 = p1 + hq1, po + hgo) >> (4.28)

In this equation, conservation of momentum at the level of the four point
amplitude A (py, py — p1 + g1, p2 + h2) is expressed by the presence of the
four-fold delta function 6™ (¢1 + @2). Using this delta function, we may replace
gy with —@)" and then integrate over g, once again using the delta function. The
result is manifestly —Apf ’(0), equation . A similar calculation goes through
at NLO.

In this sense, the scattering is conservative at LO and at NLO. At NNLO,
however, we must take radiative effects into account. This backreaction is
entirely described by the quadratic part of the impulse, ](’”;). As indicated in
equation , Ié‘l) is always conservative. From our perspective here, this is
because it involves only four-point amplitudes. Thus to understand conservation
of momentum we need to investigate [ é). The lowest order case in which a five
point amplitude can enter [ (“2) is at NNLO. Let us restrict attention to this lowest

order case, taking the additional state X to be a messenger.
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For I é) the lowest order term inolving one messenger is, in the classical regime,

Ia" =§6<<h4 / d0(k) [ d*wa d'aid'a: (20 - po + 72)
a=1,2
X 0(241 - p1)d(23a - pa) e W 6 (W) +Wa + k) 0 (G1 + G)

! i (4.29)
X A(O)(pl yP2 — D1 + hml y P2 + th: hk)

x A (py + hiy , po + hGo — py + WDy, pa + ha, hk) >> -

To see that this balances the radiated momentum, we use equation (4.19). The
structure of the expressions are almost identical; conservation of momentum holds
because the factor &* in equation ([4.19) is balanced by w! in equation (4.29)) and

wh in the equivalent expression for particle 2.

Thus conservation of momentum continues to hold in our expressions once we
have passed to the classical limit, at least through NNLO. At this order there
is non-zero momentum radiated, so momentum conservation is non-trivial from
the classical point of view. We will see by explicit calculation in QED that
our classical impulse correctly incorporates the impulse from the ALD force in

addition to the Lorentz force.

4.3.1 Perspectives from classical field theory

Before jumping into examples, it is useful to reflect on the total radiated
momentum, expressed in terms of amplitudes, by digressing into classical field
theory. To do so we must classically describe the distribution and flux of energy
and momentum in the radiation field itself. Although our final conclusions also
hold in YM theory and gravity, let us work in electrodynamics for simplicity.

Here the relevant stress-energy tensor is

T (x) = F*(2)F," () + in“"F“ﬁ(x)FaB(x) : (4.30)

In particular, the (four-)momentum flux through a three dimensional surface 02

with surface element d¥3, is

KM = / dx, T (z) . (4.31)
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We are interested in the total momentum radiated as two particles scatter.
At each time ¢, we therefore surround the two particles with a large sphere.
The instantaneous flux of momentum is measured by integrating over the
surface area of the sphere; the total momentum radiated is then the integral
of this instantaneous flux over all times. It is straightforward to determine
the momentum radiated by direct integration over these spheres using textbook

methods — see appendix D of [1].

A simpler but more indirect method is the following. We wish to use the Gauss

theorem to write

K" = / dy, T (1) = / d*x 0, T" (). (4.32)
o0
However, the spheres surrounding our particle are not the boundary of all

spacetime: they do not include the timelike future and past boundaries. To

remedy this, we use a trick due to Dirac [122].

The radiation we have in mind is causal, so we solve the Maxwell equation with
retarded boundary conditions. We denote these fields by Fly(x). We could
equivalently solve the Maxwell equation using the advanced Green’s function. If
we wish to determine precisely the same fields Flo () but using the advanced
Green’s function, we must add a homogeneous solution of the Maxwell equation.
Fitting the boundary conditions in this way requires subtracting the incoming
radiation field F*”(z) which is present in the advanced solution (but not in the
retarded solution) and adding the outgoing radiation field (which is present in
the retarded solution, but not the advanced solution.) In other words,

Fe (@) — Fig,(z) = —F"(x) + Fou(x) . (4.33)
Now, the radiated momentum A* in which we are interested is described by
Fli(z). The field F!”(x) transports the same total amount of momentum in
from infinity, ie it transports momentum —K* out. Therefore the difference
between the momenta transported out to infinity by the retarded and by the
advanced fields is simply 2K*#. This is useful, because the contributions of the

point-particle sources cancel in this difference.

The relationship between the momentum transported by the retarded and

advanced field is reflected at the level of the Green’s functions themselves. The
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difference in the Green’s function takes an instructive form:

T O G B G )
Gret(k) — Gaav(k) = — 2 (;};0_@'6)2—k;2 (4.34)

In this equation, k denotes the spatial components of wavenumber four-vector
k. This difference is a homogeneous solution of the wave equation since it
is supported on k* = 0. The two terms correspond to positive and negative
angular frequencies. As we will see, the relative sign ensures that the momenta

transported to infinity add.

With this in mind, we return to the problem of computing the momentum

radiated and write

adv

2RH — /8 Az, (T;;Z(x) T (:c)> . (4.35)

In this difference, the contribution of the sources at timelike infinity cancel, so

we may regard the surface 0€) as the boundary of spacetime. Therefore,

ret adv ret adv

2K = [t 0,12 @) - Tl ) =~ [ (R (@) = Flf(0) Dla) . (430

where the last equality follows from the equations of motion. We now pass to

momentum space, noting that

Fo(z) = —i / d'k (EMA”(/;) - iszjw(z%)) etk (4.37)

Using conservation of momentum, the radiated momentum becomes
280 =i [ (A ()~ A (1)) T2 (B

A A ) ) (4.38)

_ / B R (O(F) — O(— k) 3R J* (k) T ().

The two different © functions arise from the outgoing and incoming radiation
fields. Setting k' = —k* in the second term, and then dropping the prime, it is

easy to see that the two terms add as anticipated. We arrive at a simple general
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result for the momentum radiated:

Kt = — / d*kO(K0)6(K2) k" Jv (k) J* (k)
(4.39)

__ / D (k) R (k)T (F)

It is now worth pausing to compare this general classical formula for the radiated
momentum to the expression we derived previously in equation (4.24]). Evidently
the radiation kernel we defined in equation (4.23) is related to the classical current

J#(k). This fact was anticipated in ref. [I23]. Indeed, if we introduce a basis of

h
I

may write the classical momentum radiated as

K" = Z/dcb(/%) i

where here we have written the sum over helicities explicitly. Similar expressions
hold in classical YM theory and gravity [103].

polarisation vectors e" (k) associated with the wavevector k with helicity h, we

2

, (4.40)

eh . J(k)

4.4 Examples

At leading-order the amplitude appearing in the radiation kernel in equa-
tion (4.25) is a five-point, tree amplitude (figure that can be readily
computed. In Yang-Mills theory,

AO (") = ZC“(D)A%)) (p1 + w1, p2 + wo — p1,pas k, h)
D
= e O + 00 (1)
+ 0 () A + (140 2)] - i€ (CE) Ax.
Explicitly, the colour factors are given by

() = (cy-ches, (1) = (Cy- e,

e'(X) = 36" (0 +5¢°C0) s () = ihgeecics,

with the replacement 1 <+ 2 for diagrams with gluon emission from particle 2.

(4.42)

Just as in the 4-point case at 1-loop, this is an overcomplete set for specifying a
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p1 + wy b1

[ b

P2 + Wwo P2

Figure 4.1 The amplitude A(O)(pl + w1 ,p2 +wo — p1,p2, k) appearing in the
radiation kernel at leading order.

basis, because

C (7)) = (Cf - YOS +infrecicy = c* (1) + ¢ (CE) - (4.43)

Hence the full basis of colour factors is only 3 dimensional, and the colour

decomposition of the 5-point tree is
A0 = € (0 (A + Ay + Ax)
+ %C“(I) ( —1Ax + 24 + A;E) + (14> 2). (4.44)

Given that the second structure is O(h), it would appear that we could again
neglect the second term as a quantum correction. However, this intuition is not

quite correct, as calculating the associated partial amplitude shows:

452(%) { 2p1 - pa P

— L 2py - kpl!
R |@lp -k h hw%w%(pz Py

where we have used p; - Wy = p; - k + ”av?/2 on the support of the on-shell delta
functions in the radiation kernel . The partial amplitude appears to be
singular, as there is an extra power of A downstairs. However, this will cancel
against the extra power in the colour structure, yielding a classical contribution.
Meanwhile in the other partial amplitude the potentially singular terms cancel

trivially, and the contribution is classical:

2 el(k) D1 - D2
A+ A + A= —— 2 _12p, - po w0t + Z ot (w? — w2
X L X ﬁQ?D%pyk P1 - P2 Wy pl.km( 1 2)

—2p1 - kph +2py - kpi + O(h)| . (4.46)
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Summing all colour factors and partial amplitudes, the classical part of the 5-

point amplitude is

AO (k) = ZCG(D)A%))(M + w1, p2 + w2 = p1,p2; k, )
D

_4&?2(1_6) CHCy - Cy)
hQ U_)g ];Z - P1

i abchCfc _ - 11_)2
+%[2k-p2p’f—p1-mw’f+p1~pz - p’f]+(1<_>2)}a (4.47)

- k-0 _ _
[_ (p1 - p2) (wé‘— 3 p2P§L> +k-p1p5—k-p2p’f]
D1

W{wWs k-m

where we have used that w? — w3 = —2k - W, since the outgoing radiation is

on-shell. Finally, we can substitute into the radiation kernel in equation (4.25])
and take the classical limit. Averaging over the wavepackets sets p, = m,u, and
replaces quantum colour charges with their classical counterparts, yielding

RYD (k) = — /024 1 dMD 5D (k — @y — )8 (w1 - @1)8(ug - ) €T Eh

I

X{cl-02 flu [—(ul-m) (wg—%wzuif)+Z?'U1U§L_];7'“2“lf} (4.48)
U

my wik “Ug
- rabe b c —2
e o7 - wy
+T 2k-u2u’f—u1-u2w’f+u1-u27 UT +(1<—>2) .
wyws; k-uy

Our result is equal to the leading order current J& O obtained in [T03] by
iteratively solving the Wong equations in equation ([2.21a}) and equation ([2.21b))

for timelike particle worldlines.

4.4.1 Inelastic black hole scattering

Let us turn to an independent application of our LO Yang—Mills radiation
kernel (4.48]). By returning to the colour-kinematics structure of the underlying
amplitude, we can readily use the double copy to calculate results for gravitational

wave emission from black hole scattering.

To apply the double copy we need the overcomplete set of colour factors in
equation (4.42)). This is because the object of fundamental interest is now the
Jacobi identity that follows from (4.43)),

¢ () - ¢ (D) =¢*(x). (4.49)

with an identical identity holding upon exchanging particles 1 and 2. Unlike our
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example in section [3.3.1], this is a non-trivial relation, and we must manipulate
the numerators of each topology into a colour-kinematics dual form. This can be
readily achieved by splitting the topologies with four-point seagull vertices, and
adding their kinematic information to diagrams with the same colour structure.
It is simple to verify that, in the classical limit, a basis of colour-kinematics dual

numerators for this amplitude is

V2nr = 4(p1 - p2)pr - e + 2h<p1 -k (p1+ p2)* + p1 - p2 (W1 — @)M) el 4+ O(R?)
V2ny = A(p-p2)pr - ef + 2h<]91 “k (pr = p2)* + 2p2 - l%pf) el + O(R?) (4.50)
V2ng = 271(2291 ~kph = 2pa - kpl +pr - po (01 — w2)*‘) el 4+ OR?)

where e} = eli(k). It is crucial that we keep O(h) terms, as we know from
equation that when the YM amplitude is not written on a minimal basis of
colour factors there are terms which are apparently singular in the classical limit.
The factors of v/2 are to account for the proper normalisation of colour factors

involved in the double copy — see discussion around equation (|3.59)).

With a set of colour-kinematics dual numerators at hand, we can now double

copy by replacing colour factors with these numerators, leading to

B ov B ny
T oy (BN L iodliog
" Ty — (_) C _ 142
2-/VlJNW() 9 {hw%(Qpl'k‘ 2p1-k;+hw%—ﬁ@§ +( - )

+% d ”]eh (k), (4.51)

where we have used the outer product of the polarisation vectors (of momentum

k) from the numerators,

€h:

1 1
i (625ff + aﬁeﬁ — P,) + 3 (525,}} — 5’,,‘52) + §P“"' (4.52)

N —

Here P, = nu — (l%uf,, + l;:,,@) /(k - 7) is a transverse projector with reference
momentum 7. Since the amplitude is symmetric in its numerators, we can
immediately restrict attention to the initial symmetric and traceless piece — the
polarisation tensor for a graviton. It now simply remains to Laurent expand in A
to retrieve the parts of the amplitude which contribute to the classical radiation

kernel for gravitational radiation.

Rather than doing so at this point, it is more pertinent to note that our result

is not yet an amplitude in Einstein gravity. As in our 4-point discussion in the
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previous chapter, this result is polluted by dilaton interactions. In particular, the
corresponding current is for the scattering of JNW naked singularities in Einstein—
dilaton gravity [I03]. A convenient way to remove the dilaton states is to use a
scalar ghost [150], as shown explicitly for the classical limit of this amplitude in
ref. [123]. We introduce a new massles, adjoint-representation scalar x, minimally
coupled to the YM gauge field, and use the double copy of its amplitude to remove
the pollution. The ghost couples to the scalar fields in our action (2.22)) via the

Interaction term

Lom = =29 Y _ PlxPa. (4.53)

a=1,2
On the same 5-point kinematics as our previous YM amplitude, the equivalent
numerators for the topologies in (4.50) with interactions mediated by the new

massless scalar are
\/i’fli = —4<p1 — hU_JQ) : EZ

V2iiy = —dp; - ef (4.54)
V2 iy = —2h(wy — W) - ) .
Since y is in the adjoint representation, the appropriate colour factors are again
those in equation (there is now no seagull topology). The numerators hence

trivially satisfy colour-kinematics duality. We can therefore double copy to yield

the ghost amplitude,

_ s[ 1/ nkink ey
WO () = (5 x"x _ _ XX 1452
ghost( ) (2) hw% 2p1 - k 2p1 -k + hw% - hw% i ( )

1 S~V h (7.
+ mn‘fgn}} G#V(k) s (455)
This is an amplitude for a ghost in the sense that we can now write [123]

— 1
MG (k) = My — m/\/‘&sm (4.56)

where the appearance of the spacetime dimension comes from matching the ghost

to the dilaton propagator. Expanding the numerators, in D = 4 one finds that

- = PLPY  p1-pe

h2 (0) k) = 12412 1 pv v ph

MSChwz( ) U_J%U_j% + 27])%117% (P + Q,Pfy)
1 > 1) (Q‘fz 1 PP )} h

4+ - PP JRE— —— — — = 6V+Oh7 457

4 (( 1 p2) 2 wiws (k- -p)2(k-po)?2) | * (h), (457)
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where

Ply = (k-pi)phy — (k- p2) ol (4.58a)

Qly = (W1 — W) = ——pi + 1), (4.58D)

are two gauge invariant functions of the kinematics. Substituting the amplitude

into the LO radiation kernel yields the LO current for the scattering of
two Schwarzschild black holes. Note that whereas we took the classical limit
before double copying, this result was first obtained in ref. [123] by only taking
the classical limit (via a large mass expansion) once the gravity amplitudes were
at hand.

Reissner—Nordstrom black holes

In our previous calculation, the adjoint massless scalar introduced in equa-
tion (4.53)) merely acted as a useful computational trick to remove internal dilaton
pollution. However, if we consider other black hole species it can be promoted to
a far more fundamental role. For example, let us consider gravitational radiation
emitted by the scattering of two Reissner—Nordstrom black holes. RN black holes
are solutions to Einstein—-Maxwell theory rather than vacuum general relativity,
and thus have non-zero electric (or magnetic) charges Q. At leading order their
gravitational interactions are the same as for Schwarzschild black holes, but the
total current due to gravitational radiation will be different, precisely because of

terms sourced from electromagnetic interactions, mediated by a massless vector

field.

This is in contrast to our previous example, where we “squared” the vector
numerators to obtain tensor interactions, in the sense that A* @ A* ~ H,,.
To obtain electromagnetic interactions in the gravity amplitude guaranteed by
the double copy we need to use numerators in a vector and scalar representation

respectively, such that we have A* ® ¢ ~ A*. This is exactly what the sets of

numerators in equations (4.50) and (4.54)) provide.

The double copy does not require that one square numerators, merely that colour

data is replaced with numerators satisfying the same Jacobi identities. Thus the
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double copy construction

M v

_ 1 nt.n
REMO(E) = =2 T
(k) = 5@ hws \2p -k 2py - k + hw? — hw}

H v
o

) + (1 4+ 2)
B 4.59
+ h2u—ﬁu—)§n}n} Cuv ( : )

is guaranteed to be a well-defined gravity amplitude. Note that we have altered

the coupling replacement in the double copy appropriately.

A consequence of using kinematic numerators from alternative sets is that the
amplitude is asymmetric in its Lorentz indices; specifically, for the scalar diagrams
there are no seagull vertex terms, while the scalar boson triple vertex term is
manifestly different to the pure vector case. Since the graviton polarisation tensor
is symmetric and traceless, the graviton amplitude is obtained by symmetrising
over the Lorentz indices in . Substituting the result into equation (4.25))

yields the LO gravitational radiation kernel due to electromagnetic interactions,

€2l{/ 7 7 N ¢ < —_ . —
Rgﬁ],grav = TQIQQ/d4w1d47D2 5(191 . w1)5(p2 . 11_12)5(4) (u_)l + Wy — ]{;)elb'wl
1P + QY Pk K QY PH pr
% |:Q12 12 Q12 12 + (pl p2) (Ql? 12 12+ 12 ):| h (460)

T — = = €l -
2,2 w%w% (k,pl)Q(k,pZ)Q (nv)

wiws

We verify this result in appendix by calculating the corresponding classical
energy-momentum tensor from perturbative solutions to the field equations of

Einstein—-Maxwell theory.

To obtain an amplitude for graviton emission we symmetrised the result from
the double copy. This rather conveniently restricted to a graviton amplitude.
However, because we used double copy numerators from different theories there
is also a non-zero contribution from the antisymmetric part of the polarisation
tensor, eﬁw}. For gravity, this corresponds to the axion mode B,,, and thus M)

should correspond to axion emission. It is a simple matter to show that

e’k . ,
%@D%Ql@2 (Q2Ply — Q1 PYy) eﬁw] +O(h). (4.61)

20 _
hQMRN,axion - _U_}
As well as being antisymmetric, for an on-shell state with momentum k* the
axion polarisation tensor must satisfy €?HV](/_€)]_€“ = 0 . Thus it has the explicit

form eﬁw}(l;:) = €pok?E7 (k- €), where 7 is an unspecified reference vector. We

will find it convenient to take £7 = pJ 4 pJ. Expanding the amplitude and then
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including this choice we have

2¢’K

7 - 7 7. — - \V
hQMg)IZT,aXion = _QDQQDQ Q1Q2 |: ((k ' pl)pg - (k ) p2)p’f) (w1 - w2)
1%2
. y kPE7
- (w% - U}g) pgpl] €uvpo ];; ] 5 (462)
4e’k v p o
= WQ1Q2 euupop/prwwa )

leading to a LO axion radiation kernel

,R’g)lzl,axion = ezﬁQle/&wl&wQ 5(191 : 7111)5(1?2 : w2)5(4) (w1 + Wy — k)
b1

X mewmu’fugwm; (4.63)
The electromagnetic scattering is only able to radiate axions due to their coupling
with the vector bosons. It is not possible to couple axions to a scalar particle in
the absence of spin, as to do so breaks diffeomorphism invariance and axion gauge
symmetry [106]. The amplitude of equation is therefore purely due to the
antisymmetrisation of the triple gauge vertex; given that we have an isolated
single vertex responsible, we can verify that the radiation is indeed axionic by

using Einstein—-Maxwell axion-dilaton coupled gravity. The action is

S = % / d'r\/g [R — %(@L(pd)? — %ewd(aﬂg)? — e PP CFMEY | (4.64)

Here F);, is the dual electromagnetic field strength, ¢q is the dilaton field, ¢ is
the axion pseudoscalar defined in equation , and g = —det(g,,). Treating
the axion-photon interaction in the final term perturbatively and integrating by
parts gives

Ling ~ ArOjaAg H . (4.65)

Allocating momenta to the axion-photon vertex in the same way as in the

scattering amplitudes, this interaction term corresponds to the Feynman rule
ju%

k )
T = —2K {(CI2 - q1),uk[p770]u_(QQ - Q1>vk[p770]u

S (4.66)
;2\ + NulpNov [Q1 -k — q2 - k] }
g

p
Constructing a five-point amplitude for massive two external scalars with this

axion emission vertex and taking the classical limit then precisely reproduces the
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results of equation (4.61]), verifying that the antisymmetric double copy artefact

is indeed axionic.

4.4.2 Momentum conservation and radiation reaction

Let us return to gauge theory, and in particular the YM radiation kernel in
equation (4.48)). An immediate corollary of this result is the LO radiation in
classical electrodynamics; replacing colour with electric charges and ignoring the

structure constant terms yields

Rg&(/_f) = /CZ4@1J4@2 O(uy - W1 )0(uy - W) 0W (k — Wy, — w,) 1

1 Q1Q, (uy - up)(Ws - €f)  (ug - k)(uy - €})
(k - w2) (uy - ug)(uy '52)] " }
- — (1+2);.
(u1 - k)?

It is a simple calculation to see that the LO current which solves the Maxwell

field equation has precisely the same expression, up to an overall sign [1].

Now, we have already seen that conservation of momentum holds exactly (in
section [4.2.1)) and in our classical expressions (in section {4.3)). Let us ensure that

there is no subtlety in these discussions by explicit calculation.

To do so, we calculate the part of the NNLO impulse [ é’)(’ﬁd)

which encodes
radiation reaction, defined in equation . The two amplitudes appearing in
equation are in common with the amplitudes relevant for the radiated
momentum, equation , though they are evaluated at slightly different
kinematics. It will be convenient to change the sign of w, here; with that change,

the amplitudes are

A(O)(Ph]h — p1 — hwy ,p — hwg,l;:) =

. 4Q%Q2 |:_ 2-62 + (pl-pZ)(w_z-EZ)

h? w% 1k
(p2 - k) (p1-ep)  (k-2)(pr-p2)(p1-cp)
i pi-k (p1 - k) } + (14 2) (4.68)
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and

A (py + hay ,ps + has = py — Wy, py — Dy k) =

(p1-p2)(@yet) | (o W)pr-ef) (B0 (pr-pa)(p
p1-k p1-k (Pl )

1030, {_m, .

h2 w/2 Ek‘
2

_I_

g L ‘SZ*)} (14 2), (4.69)

where we find it convenient to define W/, = g, + W, (after the change of sign).
We can now write the impulse contribution as

Iy = << / de(k) I / d'w, d'w,

a=1,2

x X*(W), Wh, k)X (W, Wy, l?:)>> . (4.70)

where
X(wlvm% k) - 4(5(211}1 p1)5(2w2 : p2)3(4)(17; —wy — @2> eib'ﬁl

(k) pLopa Wy pa-kpl
{Q1Q2 w3 {_pg-l- pl-l%z * p1-/21 (471)
- ) w
- ruea)

This expression is directly comparable to those for radiated momentum: equa-
tion (4.70), and the equivalent impulse contribution to particle 2, balance the
radiated momentum equation using w4 + wh = k", provided that the
radiation kernel, equation (4.67]), is related to integrals over X. Indeed this
relationship holds: the integrations present in the radiation kernel are supplied
by the w, and w,, integrals in equation ; these integrations disentangle in
the sum of impulses on particles 1 and 2 when we impose W + w5 = k*, and

then form the square of the radiation kernel.

It is interesting to compare this radiated momentum with the situation in
traditional formulations of classical physics, where one must include the ALD
radiation reaction force by hand in order to enforce momentum conservation.
Because the situation is simplest when only one particle is dynamical, let us
take the mass ms to be very large compared to m; in the remainder of this
section, and work in particle 2’s rest frame. In this frame, it does not radiate,
and the only radiation reaction is on particle 1 — the radiated momentum is

precisely balanced by the impulse on particle 1 due to the ALD force. We can
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therefore continue our discussion with reference to our expression for radiated
momentum, equation , and the radiation kernel, equation . In this
situation we may also simplify the kernels by dropping the (1 <> 2) instruction:
these terms will be dressed by an inverse power of ms, and so are subdominant

when my > my.

We will soon compute the impulse due to the ALD force directly from its classical
expression in equation (4.8). But in preparation for that comparison there is
one step which we must take. Classical expressions for the force—which involve
only the particle’s momentum and its derivatives—do not involve any photon

phase space. So we must perform the integration over d®(k) which is present in

equation (4.26)).

To organise the calculation, we integrate over the ¢; variables in the radiation
kernel, equation (4.67)) using the four-fold delta function, so that we may write

the radiated momentum as

642 [ . . o Suo - @) &(us - @
Rglv(()) _ _6 %QQQ /d4q—d4q/ e*lb-(qfq)6<u1 . ((7_ q/>> (u;Q Q) (U;IQ q )}/r,uj (472)
1

where we renamed the remaining variables, wy, — ¢ and W, — ¢, in order to

match the notation used later. After some algebra we find

= /d<I>(IE) 5(ur -k — E) I {1 (g ) | (u k)

_(ul.uQ)(UQ-E/z)k-(mq’) N (ul'uQ)Q(Ek; D] (473

The quantity E is defined to be E = u; - k; in view of the delta function, the
integral is constrained so that £ = u; - ¢. This quantity is the wavenumber of
the photon in the rest frame of particle 1, and is fixed from the point of view of
the phase space integration. As a result, the integrals are simple: there are two
delta functions (one explicit, one in the phase space measure) which can be used
to perform the k° integration and to fix the magnitude of the spatial wavevector.
The remaining integrals are over angles. The relevant results were calculated in
appendix C of ref. [1], and are
. - E? _
/ AR(R) (s -k~ B) R = - utO(E)

_ (4.74)

. o E4 1 _
/dq)(k) d(uy -k — E)EFEVEP = — <u‘1‘u11’uf — §u§“n”p)> O(E).

95



The radiated momentum then takes a remarkably simple form after the phase

space integration:

Q1IR3

3rm3

M- A —ib(a—d) & L 3(162'@) 8(”2'67/)
d4 d4 ! e ib-(q q)(s U - A
/ qd'q (u1-(q—7)) 7 7 (4.75)

X O(uy-q) [(u1-@)® +q- 7 (ur-uz)’] uf.

,(0
Rlcll():

The © function is a remnant of the photon phase space volume, so it will be
convenient to remove it. The delta functions in the integrand in equation (4.75|)
constrain the components of the vectors ¢ and ¢ which lie in the two dimensional
space spanned by wu; and wus. Let us call the components of ¢ and ¢’ in this
plane to be ¢ and q|’|. Then the delta functions set ¢ = q"‘. As a result, the
integrand (ignoring the © function) is symmetric in ¢; — —¢;. Consequently we

may symmetrise to find

Q103

6mm3

A= A —ib(a—d) & o 3(162@) S(Uz'q/)
d4 d4 ! e ib-(q q)(')‘ U - A
/ qd'q (w1 -(7—7)) 7 7 (4.76)

X [(ul . q)2 +q- q/(ul . u2)2} u;{

,(0
Rgl():

It is now remarkably simple to see that this expression is equal but opposite to
the impulse obtained from the classical ALD force in equation . Working in
perturbation theory, the lowest order contribution to dp;/d7 is of order 2, due to
the (colour-stripped) LO Lorentz force (2.21a). We can determine this explicitly
using the methods of appendix [B} with particle 2 kept static, one finds

dp
dTl

M_
U2 — Uy g - UL

Ao L gt
= i’ Q1Q2 /d4q(5(q- uy) et L 7 : (4.77)

Therefore Ap! \;p is at least of order e*. However, this potential contribution to
the ALD impulse vanishes. To see this, observe that the acceleration due to the
LO Lorentz force gives rise to an ALD impulse of

e*QQ

6mmy

AP aip = /cz4<jg(q-u1)(§(q-u2) e qu () =0. (4.78)
An alternative point of view on the same result is to perform the time integral
in equation (4.8)), noting that the second term in the ALD force is higher order.
The impulse is then proportional to f#(4o00) — f#(—o00), the difference in the
asymptotic Lorentz forces on particle 1. But at asymptotically large times the

two particles are infinitely far away, so the Lorentz forces must vanish. Since this
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second argument does not rely on perturbation theory we may ignore the first
term in the ALD force law.

Thus, the first non-vanishing impulse due to radiation reaction is of order €.
Since we only need the leading order Lorentz force to evaluate the ALD impulse,
we can anticipate that the result will be very simple. Indeed, integrating the

ALD force, we find that the impulse on particle 1 due to radiation reaction is

At o eﬁQlllQ% o diadia S(a 5@ 5 — o\ —ib(7—7)
Piawp = goe [ 44 (7-u2)0(q - uz)o(ur- (G —q))e
1 _ o
X o @) 44 w)] (479

This is precisely the expression (4.76)) we found using our quantum mechanical

approach.

4.5 Discussion

In order to apply on-shell scattering amplitudes to the calculation of classically
observable quantities for black holes, one needs a definition of the observables
in the quantum theory. One also needs a path and clear set of rules for taking
the classical limit of the quantum observables. In this first part of the thesis we
have constructed one such path. Our underlying motivation is to understand the
dynamics of classical general relativity through the double copy. In particular,
we are interested in the relativistic two-body problem which is so central to the
physics of the compact binary coalescence events observed by LIGO and Virgo.

Consequently, we focused on observables in two-body events.

We have shown how to construct two observables relevant to this problem:
the momentum transfer or impulse on a particle; and the momentum
emitted as radiation during the scattering of two charged but spinless
point particles. We have shown how to restore A’s and classify momenta in
section 2.1} in section how to choose suitable wavefunctions for localised
single particle states; and established in section the conditions under which
the classical limit is simple for point-particle scattering. With these formalities
at hand we were able to further provide simplified leading and next-to-leading-

order expressions in terms of on-shell scattering amplitudes for the impulse in

equations (3.44) and (3.47)), and for the radiated momentum in equation (4.24]).
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These expressions apply directly to both gauge theory and gravity. In sections
and [4.4], we used explicit expressions for amplitudes in QED, Yang—Mills theory
and perturbative Einstein gravity to obtain classical results. We have been careful
throughout to ensure that our methods correctly incorporate conservation of
momentum, without the need to introduce an analogue of the Abraham—Lorentz—

Dirac radiation reaction.

Other momentum observables should be readily accessible by similar derivations:
for example the total radiated angular momentum is of particular current interest
[142], and is moreover accessible from worldline QFT [117]; it would be very
interesting to understand how this observable fits into our formalism. Higher-
order corrections, to the extent they are unambiguously defined in the classical
theory, require the harder work of computing two- and higher-loop amplitudes,

but the formalism of these chapters will continue to apply.

Our setup has features in common with two related, but somewhat separate,
areas of current interest. One area is the study of the potential between two
massive bodies. The second is the study of particle scattering in the eikonal.
Diagrammatically, the study of the potential is evidently closely related to the
impulse of chapter [3] To some extent this is by design: we wished to construct
an on-shell observable related to the potential. But we have also been able to
construct an additional observable, the radiated momentum, which is related to

the gravitational flux.

It is interesting that classical physics emerges in the study of the high-energy
limit of quantum scattering [72-76], see also refs. [54, [B5]. Indeed the classical
centre-of-momentum scattering angle can be obtained from the eikonal function
(see, for example ref. [81]). This latter function must therefore be related as well
to the impulse, even though we have not taken any high-energy limit. Indeed,
the impulse and the scattering angle are equivalent at LO and NLO, because no
momentum is radiated at these orders. Therefore the scattering angle completely
determines the change in momentum of the particles (and vice versa). The

connection to the eikonal function should be interesting to explore.

At NNLO, on the other hand, the equivalence between the angle and the impulse
fails. This is because of radiation: knowledge of the angle tells you where the
particles went, but not how fast. In this respect the impulse is more informative
than the angle. Eikonal methods are still applicable in the radiative case [76],
so they should reproduce the high-energy limit of the expectation value of the
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radiated momentum. Meanwhile at low energies, methods based on soft theorems
could provide a bridge between the impulse and the radiated momentum [95-97].
Indeed, a first step in these directions was recently made in [I00]. Radiation
reaction physics can also be treated in this regime [92], and we look forward to

future progress in understanding how these references overlap with our formalism.

The NLO scattering angle is, in fact, somewhat simpler than the impulse: see
ref. [88] for example. Thanks to the exponentiation at play in the eikonal limit,
it is the triangle diagram which is responsible for the NLO correction. But
the impulse contains additional contributions, as we discussed in section [3.3.2]
Perhaps this is because the impulse must satisfy an on-shell constraint, unlike

the angle.

The focus of our study of inelastic scattering has been the radiation kernel
introduced in . Equivalent to a classical current, this object has proven to
be especially versatile in the application of amplitudes methods to gravitational
radiation. It has played a direct role in studies of the Braginsky—Thorne
memory effect [124] and gravitational shock waves [125]; derivations of the
connections between amplitudes, soft limits and classical soft theorems [100];
and calculations of Newman—Penrose spinors for long-range radiation in split-
signature spacetimes [I34]. The kernel is also closely related to progress in
worldline QFT [116, 117]. However, the reader may object that we have not
in fact calculated the total emitted radiation. This was recently achieved in
ref. [127], using integral evaluation techniques honed in N' = 8 supergravity [94].
To calculate the full observable the authors of [127] took a similar approach to our
treatment of the non-linear impulse contributions at 1-loop, treating the product
of radiation kernels as a cut of a 2-loop amplitude. Their application of the
formalism presented here has led to state-of-the-art results for post—Minkowskian

bremsstrahlung, already partially recovered from PM effective theory [115].

In these two chapters we restricted attention to spinless scattering. In this
context, for colourless particles such as astrophysical black holes the impulse
(or equivalently, the angle) is the only physical observable at LO and NLO, and
completely determines the interaction Hamiltonian between the two particles [54]
55]. The situation is richer in the case of arbitrarily aligned spins — then the
change in spins of the particles is an observable which is not determined by the
scattering angle. Fully specifying the dynamics of black holes therefore requires

including spin in our formalism: this is the topic of the second part of the thesis.
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Part 11

Spinning black holes
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Chapter 5

Observables for spinning particles

5.1 Introduction

To begin this part of the thesis we will continue in the vein of previous chapters
and use quantum field theory, now for particles with non-zero spin, to calculate
observables for spinning point-particles. Our focus will be the leading-order
scattering of black holes, however the formalism is applicable more widely [3].
In chapter [1| we discussed at some length how scattering amplitudes have been
applied to the dynamics of spinning Kerr black holes, and more fundamentally
how minimally coupled amplitudes behave as the on-shell avatar of the no-hair
theorem. Here we remove the restriction to the aligned-spin configuration in the
final results of [124, 226], and the restriction to the non-relativistic limit in the
final results of [227]. We use on-shell amplitudes to directly compute relativistic
classical observables for generic spinning-particle scattering, reproducing such
results for black holes obtained by classical methods in [218], thereby providing
more complete evidence for the correspondence between minimal coupling to

gravity and classical black holes.

We will accomplish this by relaxing the restriction to scalars in previous chapters.
In addition to the momentum impulse Ap*, there is now another relevant on-shell
observable, the change As* in the spin (pseudo-)vector s*, which we will call the
angular impulse. We introduce this quantity in section [5.2], where we also review
classical results from [2I8] for binary black hole scattering at 1PM order. In

section we consider the quantum analogue of the spin vector, the Pauli-
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Lubanski operator; manipulations of this operator allow us to write expressions
for the angular impulse akin to those for the impulse of chapter 3] Obtaining the
classical limit requires some care, which we discuss before constructing example

gravity amplitudes in section from the double copy.

Rather than working at this stage with massive spinor representations valid for
any quantum spin s, in the vein of [223], we will ground our intuition in explicit
field representations of the Poincaré group — we will work with familiar spin 1/2
Dirac fermions and massive, spin 1 bosons. Explicit representations can indeed
be chosen for any generic spin s field; the applications of these representations to
black hole physics was studied in ref. [132]. However, for higher spins the details
become extremely involved. In section we show that substituting familiar low
spin examples into our general formalism exactly reproduces the leading terms of
all-multipole order expressions for the impulse and angular impulse of spinning
black holes [21§]. Finally, we discuss how our results further entwine Kerr black
holes and scattering amplitudes in section [5.6]

This chapter is based on work conducted in collaboration with Donal O’Connell

and Justin Vines, published in [3].

5.2 Spin and scattering observables in classical

gravity

Before setting up our formalism for computing the angular impulse, let us briefly

review aspects of this observable in relativistic classical physics.

5.2.1 Linear and angular momenta in asymptotic Minkowski

space

To describe the incoming and outgoing states for a weak scattering process in
asymptotically flat spacetime we can use special relativistic physics, working
as in Minkowski spacetime. There, any isolated body has a constant linear
momentum vector p* and an antisymmetric tensor field J*(x) giving its total
angular momentum about the point z, with the x-dependence determined by
J(2") = J*(z) 4 2pi (2’ — 2)¥), or equivalently V,J* = 2plrély.

102



Relativistically, centre of mass (CoM) position and intrinsic and orbital angular
momenta are frame-dependent concepts, but a natural inertial frame is provided
by the direction of the momentum p*, giving the proper rest frame. We define
the body’s proper CoM worldline to be the set of points r such that J*(r)p, = 0,
i.e. the proper rest-frame mass-dipole vector about r vanishes, and we can then

write
J (x) = 2p(x — ) 4 SH, (5.1)

where r can be any point on the proper CoM worldline, and where S* = J(r)

is the intrinsic spin tensor, satisfying
SHp, = 0. (5.2)

Equation is often called the “covariant” or Tulczyjew—Dixon spin supplemen-
tary condition (SSC) [264] 265] in its (direct) generalization to curved spacetime
in the context of the Mathisson—Papapetrou-Dixon equations [266-270] for the
motion of spinning extended test bodies. Given the condition , the complete
information of the spin tensor S* is encoded in the momentum p* and the spin

pseudovector [271],

1 1
—€poD” P = —€upop’ I (), (5.3)

%= om 2m

where €p123 = +1 and p?> = m?. Note that s-p = 0; s* is a spatial vector in the
proper rest frame. Given ([5.2)), the inversion of the first equality of (5.3)) is

1 r
Sp,z/ = Eeullz\‘rp)\s . (54)

The total angular momentum tensor J#¥(z) can be reconstructed from p#, s,

and a point r on the proper CoM worldline, via (5.4]) and (5.1)).

5.2.2 Scattering of spinning black holes in linearised gravity

Following the no-hair property emphasised by equation of chapter , the
full tower of gravitational multipole moments of a spinning black hole, and thus
also its (linearised) gravitational field, are uniquely determined by its monopole
p* and dipole J#*. This is reflected in the scattering of two spinning black holes,
in that the net changes in the holes’ linear and angular momenta depend only

on their incoming linear and angular momenta. It has been argued in [2I§] that
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the following results concerning two-spinning-black-hole scattering, in the 1PM
approximation to GR, follow from the linearised Einstein equation and a minimal
effective action description of spinning black hole motion, the form of which is
uniquely fixed at 1PM order by general covariance and appropriate matching to

the Kerr solution.

Consider two black holes with incoming momenta p} = mquf and ph = moul,
defining the 4-velocities u# = p*/m with v* = 1, and incoming spin vectors
st =myaf and s = mayal, defining the rescaled spins a* = s#/m (with units of
length, whose magnitudes measure the radii of the ring singularities). Say the
holes’ zeroth-order incoming proper CoM worldlines are orthogonally separated
at closest approach by a vectorial impact parameter b*, pointing from 2 to 1, with
b-u; =b-uy = 0. Then, according to the analysis of [2I§], the net changes in

the momentum and spin vectors of black hole 1 are given by

Api =Re{Z"} + O(G2),

(5.5)
Ast = —uka? Re{Z,} — " *Puia15Tm{Z,} + O(G?),
where
2Gm1m2 . b” + 117 ((ll + CLQ)p
Z:—[22—1 ) — 2i7€ e aﬁ] p . (5.6
W \/ﬁ ( v )77# VY €pvaply Uy [b + iH(CLl n a2)]2 ( )
with v = u; - uy the relative Lorentz factor, and with
5
o U1 Uz U Uy
I, = e ﬁel’m&ﬁ
(5.7)
= 6#11 + 72 1 (ulf(ulu - 7”21/) + US(UQV - Pyulu))

the projector into the plane orthogonal to both incoming velocities. The

analogous results for black hole 2 are given by interchanging the identities 1 <> 2.

If we take black hole 2 to have zero spin, af — 0, and if we expand to quadratic
order in the spin of black hole 1, corresponding to the quadrupole level in 1’s
multipole expansion, then we obtain the results shown in and
below. In the remainder of this chapter, developing necessary tools along the
way, we show how those results can be obtained from classical limits of scattering
amplitudes. In particular, we will consider one-graviton exchange between a
massive scalar particle and a massive spin s particle, with minimal coupling to

gravity, with s = 1/2 to yield the dipole level, and with s = 1 to yield the
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quadrupole level.

5.3 Spin and scattering observables in quantum

field theory

We have already established general formulae in quantum field theory for
the impulse and radiated momentum; as the angular impulse is also on-shell
similar methods should be applicable. A first task is to understand what
quantum mechanical quantity corresponds to the classical spin pseudovector of
equation . This spin vector is a quantity associated with a single classical

body, and we therefore momentarily return to discussing single-particle states.

Particle states of spin s are irreducible representations of the little group. For
massive particles in 4 dimensions the little group is isomorphic to SU(2), and thus
we can adopt the simplest coherent states considered in section The size of
the representation is now determined by the spin quantum number s associated
with the states. For fractional spins the normalisation in equation of course

generalises to an anticommutation relation.

For spinning particles we will thus adopt the wavepackets in equation (2.17)), with
the important distinction that the representation states now refer to the little
group, not a gauge group. To make this distinction clear we will denote the little
group states by |¢) rather than |y) (not to be confused with the parameter (2.38)).

The momentum space wavefunctions ¢(p) remain entirely unchanged.

5.3.1 The Pauli-Lubanski spin pseudovector

What operator in quantum field theory is related to the classical spin pseudovector
of equation ? We propose that the correct quantum-mechanical interpreta-
tion is that the spin is nothing but the expectation value of the Pauli—Lubansk:
operator,

1
Wu = §€;u/pa]PwJpJ, (58)
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where P* and JP? are translation and Lorentz generators respectively. In

particular, our claim is that the expectation value

() = (W) = = (B, ) 59)

of the Pauli-Lubanski operator on a single particle state is the quantum-
mechanical generalisation of the classical spin pseudovector. Indeed, a simple
comparison of equations and indicates a connection between the two
quantities. We will provide abundant evidence for this link in the remainder of

this chapter — it is shown in greater detail in appendix B of ref. [3].

The Pauli-Lubanski operator is a basic quantity in the classification of free
particle states, although it receives less attention in introductory accounts of
quantum field theory than it should. With the help of the Lorentz algebra

(3 9] = (P — 5P,

(5.10)
[JH JP7) = ih(nPTHT — PP IO — PO JHe 4 P IR |

it is easy to establish the important fact that the Pauli-Lubanski operator

commutes with the momentum:
[P W"] =0. (5.11)
Furthermore, as W* is a vector operator it satisfies
(I WP = ih(nH* WY — n"PWH) . (5.12)
It then follows that the commutation relations of W with itself are
[WH WY = ihe""P"W P, . (5.13)

On single particle states this last commutation relation takes a particularly
instructive form. Working in the rest frame of our massive particle state, evidently

W9 = 0. The remaining generators satisfyﬂ
(W, WY = ihm e7FWF | (5.14)

so that the Pauli-Lubanski operators are nothing but the generators of the little

group. Not only is this the basis for their importance, but also we will find that

I'We normalise €'?3 = +1, as usual.
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these commutation relations are directly useful in our computation of the change

in a particle’s spin during scattering.

Because the W# commutes with the momentum, we have
(0 §[WH|pi) o< da(p —p'). (5.15)

We define the matrix elements of W on the states of a given momentum to be

A

(' IWH|pi) = ms;(p) da(p — P'), (5.16)

so that the expectation value of the spin vector over a single particle wavepacket
1s

() =3 [ de) [P s (5.17)

The matrix sfj (p), sometimes called the spin polarisation vector, will be important
below. These matrices inherit the commutation relations of the Pauli-Lubanski
vector, so that in particular

th

[ (). 5" (0)] = - €775, (p)po (5.18)

Specialising now to a particle in a given representation, we may derive well known

. . . . . . M .
[39, 4T, 220, 222] explicit expressions for the spin polarisation s;(p) by starting
with the Noether current associated with angular momentum. Such derivations
for the simple spin 1/2 and 1 cases were given in appendix B of [3] — for a Dirac
spin 1/2 particle, the spin polarisation is

h

spp(P) = Rﬂa(p)v“’f’ub(p)- (5.19)

Meanwhile, for massive vector bosons we have

L ih .

$(0) = = et (p)es, () (5:20)

We have these normalised quantities to be consistent with the algebraic properties

of the Pauli-Lubanski operator.
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5.3.2 The change in spin during scattering

Now that we have a quantum-mechanical understanding of the spin vector, we
move on to discuss the dynamics of the spin vector in a scattering process.
Following the set-up of chapter|3|we consider the scattering of two stable, massive
particles which are quanta of different fields, and are separated by an impact
parameter b*. We will explicitly consider scattering processes mediated by vector
bosons and gravitons. The relevant incoming two-particle state is therefore that
in equation (2.66), but with little group states &,.

The initial spin vector of particle 1 is

1
(s1) = —(W[Wi|¥), (5.21)
my
where WY is the Pauli-Lubanski operator of the field corresponding to particle
1. Since the S matrix is the time evolution operator from the far past to the far

future, the final spin vector of particle 1 is
1
(s1) = m—<x1/|STW§‘S|\1;> : (5.22)
1

We define the angular impulse on particle 1 as the difference between these
quantities:
1

(U|WH W) . (5.23)

my

L (wistwes|)

my

(Asi) =

Writing S = 1 + i7" and making use of the optical theorem yields
7 1
(As) = —(W|[WF, T]|) + — (W[ WY, T]|¥). (5.24)
mq my

Just as with equation , it is clear that the second of these terms will lead to
twice as many powers of the coupling constant for a given interaction. Therefore
only the first term is able to contribute at leading order. We will be exclusively
considering tree level scattering A, so the first term is the sole focus of our
attention?l

Our goal now is to express the leading-order angular impulse in terms of
amplitudes. To that end we substitute the incoming state in equation ([2.66))
into the first term of equation (5.24]), and the leading-order angular impulse is

2The expansion of the second term is very similar to that of the colour impulse in ref. [2].
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given by

{ . ib-(p1—p!,
N | ) AL AR EN A Bl

a=1,2

X <p/1 51329/2 55 |WlfT - TWﬂpl §1:02 fz) . (525)

Scattering amplitudes can now be explicitly introduced by inserting a complete
set of states between the spin and interaction operators, as in equation (3.3)). In
their first appearance this yields

/dq)(rl)dq)(ﬁ)d/ﬁ(ﬁ)du(@)<p/1 €13 05 §o| W 1 Cus 2, Co) (r1 Gus 2 G| Tlp G p2 Ga)

= ml(ﬂ fé|$lf(p/1)./4(p1,p2 — P/pplz)’fl &) 5(4)(19/1 +p'2 —p1—p2), (5.26)

where, along with the definition of the scattering amplitude, we have used the
definition of the spin polarisation vector (5.19)). The result for the other ordering

of T and WY is very similar.

An essential point is that under the little group state inner product above, the spin
polarisation vector and amplitude do not commute: they are both matrices in the
little group representation, and we have simply suppressed the explicit indices.
This novel feature of the angular impulse will become extremely important.
Substituting into the full expression for (As/ ’(O)) and integrating over the delta

functions, we find that the observable is

(Asy Oy =i T /dﬂb(p’a)d@(pa)wi(p;)wa(pa)5(4)(p’1 + Py — 1~ P2)
a=1,2

P (5.27)

x e PP s (0)) A (pr, pa — ph, ph)

— A (py, po — P, ph)st (p1)|&1 &) -

We now eliminate the delta function by introducing the familiar momentum
mismatches g, = pl, — po and performing an integral. The leading-order angular

impulse becomes

(Asy 0y = / d®(p1)d®(py) d*q6(2p1 - ¢ + ¢*)0(2p2 - ¢ — *)OL + ¢°)

xO(p) — )i (p1 + )5 (p2 — D1 (p1)pa(pa)e /" (5.28)

x (& |5 (p1 + ) A (p1, py — 1+ ¢, P2 — q)
- A(O)(ph]h = p1+q,p2—q)s"(p1)|& &)
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5.3.3 Passing to the classical limit

The previous expression is an exact, quantum formula for the leading-order
change in the spin vector during conservative two-body scattering. As a well-
defined observable, we can extract the classical limit of the angular impulse by

following the formalism introduced in part

Recall that the basic idea is simple: the momentum space wavefunctions must
localise the particles, without leading to a large uncertainty in their momenta.
They therefore have a finite but small width Ax = /¢, in position space, and
Ap = h/l, in momentum space. This narrow width restricts the range of the
integral over ¢ in equation so that ¢ < h/l,. We therefore introduce the
wavenumber ¢ = ¢/h. We further found that our explicit choice of wavefunctions
o were very sharply peaked in momentum space around the value (p#) = m,ut,
where uf is a classical proper velocity. We neglect the small shift ¢ = hg in the
wavefunctions present in equation , and also the term ¢ compared to the

dominant 2p - ¢ in the delta functions, arriving at
(A1) =i / A(p1)d®(p2) d'q 6(2p1 - )0(2p2 - @)1 (p1) Plipa(p2)
x e~ "alh <5l1l(p1 +)AY (p1,p2 — p1+q,p2 — q) (5.29)
— A(O)(pl,lh — D1+ q,p2— Q)S?(p1)> .

Notice we have also dropped the distinction between the little group states, simply
writing an expectation value as in . This is permissible since we established
coherent states suitable for the classical limit of SU(2) states in section [2.3.2]
Adopting the notation for the large angle brackets from equation , the

angular impulse takes the form
@At = <<Z/ d*q5(2p1 - 9)6(2p2 - q)e /"
X (8“(}?1 + hq) A (pr, p2 = p1 + 4. p2 — ) (5.30)

— A (py,ps = p1+q,p2 — q)ST(p1)>>> :

An important 7 shift remaining is that of the spin polarisation vector s (p1 + hq).

This object is a Lorentz boost of s{(p1). In the classical limit ¢ is small, so the
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Lorentz boost A*,py = pi 4+ hg" is infinitesimal. In the vector representation
an infinitesimal Lorentz transformation is A*, = d* + w",, so for our boosted

momenta wh,p{ = hg". The appropriate generator is
j124 h’ M=V ~, vV
w" = —— (Pi¢" — ¢"'p7) - (5.31)
my

This result is valid for particles of any spin as it is purely kinematic, and therefore
can be universally applied in our general formula for the angular impulse. In

particular, since w,,, is explicitly O(h) the spin polarisation vector transforms as

_ o
Slfij (p1 + hQ) = Slfij (Pl) - wp“q . Sij(pl) . (5_32)
The angular impulse becomes

~

(Ash ) — Asi® = <<z / d36(2ps - 6(2ps - et
x ( - hg%q' s1(p) A (@) + B2 [s1 (p), A(O)(Q)]>>> . (5.33)

The little group states have manifested themselves in the appearance of a
commutator. The formula appears to be of a non-uniform order in A, but
fortunately this is not really the case: any terms in the amplitude with diagonal
indices will trivially vanish under the commutator; alternatively, any term with
a commutator will introduce a factor of A through the algebra of the Pauli—
Lubanski vectors. Therefore all terms have the same weight, A2, independently of
factors appearing in the amplitude. The analogous formula for the leading order,
classical momentum impulse was given in equation (|3.44]). We will make use of

both the momentum and angular impulse formulae below.

There is a caveat regarding the uncertainty principle in the context of our spinning
particles. In the following examples we restrict to low spins: spin 1/2 and
spin 1. Consequently the expectation of the spin vector (s*) is of order h;
indeed (s?) = s(s + 1)A%. This requires us to face the quantum-mechanical
distinction between (s*s”) and (s*)(s”). Because of the uncertainty principle, the
uncertainty o} associated with the operator s!, for example, is of order ki, and
therefore the difference between (s?) and (s;)? is of order h?. Thus the difference
(sts¥) — (s")(s”) is of order (s*s”). We are therefore not entitled to replace
(s*s”) by (s*)(s”) for any arbitrary states, and will make the distinction between

these quantities below. As we showed explicitly (for SU(3) states) in chapter [2

111



this limitation can be overcome by studying very large spin representations. To
elucidate the details of taking the classical limit of amplitudes with spin we will
primarily work with the explicit spin 1/2 and spin 1 fields in this chapter; however,
we will comment on the all-spin generalisation of our results, studied in [128].

The large spin limit will then play a crucial role in the next chapter.

The procedure for passing from amplitudes to a concrete expectation value is as
follows. Once one has computed the amplitude, and evaluated any commutators,
explicit powers of 7 must cancel. We then evaluate the integrals over the on-shell
phase space of the incoming particles simply by evaluating the momenta p, as
Do = Mally. An expectation value over the spin wave functions &, remains; these
are always of the form (s#* - .. st} for various values of s. Only when the spin s

is large can we factorise this expectation value.

5.4 Classical limits of amplitudes with finite spin

We have constructed a general formula for calculating the leading classical
contribution to the angular impulse from scattering amplitudes. In the limit
these amplitudes are Laurent expanded in A, with only one term in the expansion
providing a non-zero contribution. How this expansion works in the case for
charged scalar amplitudes was established in part |I, but now we need to consider
examples of amplitudes for particles with spin. The identification of the spin

polarisation vector defined in equation ({5.16[) will be crucial to this limit.

We will again look at the two lowest spin cases, considering tree level scattering
of a spin 1/2 or spin 1 particle off a scalar in Yang—Mills theory and gravity. Tree
level Yang—Mills amplitudes will now be denoted by A, ¢, and those for Einstein
gravity as My, _o. To ensure good UV behaviour of our amplitudes, we adopt
minimally coupled interactions between the massive states and gauge fields. This
has the effect of restricting the classical value of the gyromagnetic ratio to g;, = 2,
for all values of s [227, 272].

5.4.1 Gauge theory amplitudes

We will continue to consider Yang-Mills theory minimally coupled to matter in

some representation of the gauge group. The common Lagrangian is that in
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equation (2.22). Our calculations will be in the vein of section and we will
always have the same t-channel colour factor. The amplitude for scalar-scalar,
Ao_o, scattering is of course that in equation (3.51).

Spinor-scalar

We can include massive Dirac spinors ¢ in the Yang-Mills amplitudes by using

a Lagrangian £ = Ly + Lpirac, where the Dirac Lagrangian
Lpirac = QZ) <Z¢ - m) %U (534)

includes a minimal coupling to the gauge field, and Ly is the scalar Langrangian
in equation (2.22)). The tree level amplitude for spinor-scalar scattering is then

;2

7 ~ ~
izﬂ“(pl + )" u"(p1)(2p2 — ¢)u C1 - Cs, (5.35)

Z'A(f?2—0 = 2hq

where we have normalised the (dimensionful) colour factors consistent with the
double copy. We are interested in the pieces of this amplitude that survive to the
classical limit. To extract them we must set the momentum transfer as ¢ = hAq

and expand the amplitude in powers of h.

The subtlety here is the on-shell Dirac spinor product. In the limit, when ¢ is
small, we can follow the logic of equation (5.32) and interpret u®(p; + hq) ~
u%(p1) + Au*(p1) as being infinitesimally Lorentz boosted, see also [273]. One
expects amplitudes for spin 1/2 particles to only be able to probe up to linear
order in spin (i.e. the dipole of a spinning body) [221], 222] 226], so in deriving
the infinitesimal form of the Lorentz transformation we expand to just one power
in the spin. The infinitesimal parameters w,, are exactly those determined in
equation , so in all the leading terms of the spinor product are

h
@ (p1+hg) Y’ (1) = 2p1,0°" + 0" (P17 [1p: Yoyt (1) + O(R) - (5.36)

Evaluating the product of gamma matrices via the identity

[7#7 fVV]'Yp = 27)1/qu - 27]#;)71/ - QiGWpaVUV5 ) (537)
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where €y193 = +1 and +° = i7%y14243, the spinor product is just

—a = a h —a ~o
@ (pr+ hg)yuu’ (pr) = 21,0 + o0 (PP (Yolup = Vplo) 1" (p1)
1

ih —a poed
- 2_771%“ (pl)plpq 6p0u57675ub(p1) + O(hz) : (538)
Comparing with our result from equation (5.19)), the third term clearly hides
an expression for the spin 1/2 polarisation vector. Making this replacement and
substituting the spinor product into the amplitude yields, for on-shell kinematics,
only two terms at an order lower than O(h?):

2g° i ..
th(ll}/)Q*O - (j% <(p1 : p2)6ab - EE(})I’ 67 D2, Slllb) + O<h2>> Cl : CQ y (539)

where here and below we adopt the short-hand notation s, = s1%, (p1) and
€(a, b, c,d) = €,,,,0"b"cPd” €4(a, b, ¢) = €,p0a" b . (5.40)

Upon substitution into the impulse in equation (|3.44) or angular impulse in
equation (5.33) the apparently singular denominator in the A — 0 limit is
cancelled. It is only these quantities, not the amplitudes, that are classically

well defined and observable.

Vector-scalar

Now consider scattering a massive vector rather than spinor. The minimally
coupled gauge interaction can be obtained by applying the Higgs mechanism to
the Yang—Mills Lagrangianﬂ which when added to the scalar Lagrangian L yields

the tree-level amplitude

. 9
. ij g . v
iAY = — e (p1 + Q)gj (P1) (M (201 4+ @) x — Mua(P1 — @)y

2hq?
i (2¢ + 1)) (202 — ) Cy -y (5.41)

To obtain the classically significant pieces of this amplitude we must once more
expand the product of on-shell tensors, in this case the polarisation vectors. In

the classical limit we can again consider the outgoing polarisation vector as being

3Regardless of minimal coupling, for vector states with masses generated in this way the
classical value of g;, = 2 [227, [272].
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infinitesimally boosted, so ;" (p1 + hq) ~ ;" (p1) + Aci¥(p1).

However, from spin 1 particles we expect to be able to probe O(s?), or quadrupole,
terms [221] 222], 226]. Therefore it is salient to expand the Lorentz boost to two
orders in the Lorentz parameters w,,,, so under infinitesimal transformations we
take
1 1

£E(9) > A ) = (0% = S (270, = (0w P) L) 52)
where (Xr7)H, = i (nP*d7, — n°*6P,). Since the kinematics are again identical to
those used to derive equation (5.31)), we get

* N v * v h — * v h2 — *\ =1 U
e (p1+ hq) € (p1) =€ ugj ) (q-¢ )Plfgj ~ 53 (q- 51)9”% + O(h3)7 (5.43)
my 2mj
where now ¢; will always be a function of p;, so in the classical limit € - p; =

g; - p1 = 0. Using this expression in the full amplitude, the numerator becomes

nig = 2(p1 - p2)(€; - €5) — 2h(p2 - €7)(q - €5) + 2h(p2 - €5)(q - €7)
1 e ., .
+ WHQ(Pl p2)(q- )7 €5) + ?q2(€i ;) +O(R) . (5.44)
1
How the spin vector enters this expression is not immediately obvious, and relies
on Levi-Civita tensor identities. At O(h), 65/)0”650[57 = —3! (5[”(%(5"5(5”]7 leads to

*\ [ = — * h’ s [ *
hpz - €)(@ - €5) = lp2 - 5)(q - €7) = —5p1d Prespore’ e} 85501
1
i

= ——€(p1,q,p2, S1i5) 5.45

o (P1, 4, P2, 5145) (5.45)

where again we are able to identify the spin 1 polarisation vector calculated in
equation (5.20)) and introduce it into the amplitude. There is also a spin vector
squared contribution entering at O(h?); observing this is reliant on applying the
identity e"*7€yp,5 = —4! 5[%5”56%6"}5 and the expression in equation ({5.20]) to

calculate

Y (a-s) (@ s7) = —0*a-&)(a-e5) - a6, + O(R). (5.46)

This particular relationship is dependent on the sum over helicities ), e}"e) =
Mo v

- 4 % for massive vector bosons, an additional consequence of which is that
1

- €; = —0;;. Incorporating these rewritings of the numerator in terms of spin
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vectors, the full amplitude is

py 2g° y i ~ py 1 v ki

WA = 7 ((Pl - p2)0 — EE(pla%an sY') + _2m% (p1-p2)(q- 51k)(q : Slfj)
+ﬁ (2p1 - p2 +m3) + O(R®) ) Cy - Co. (5.47)

4m% P1 - P2 1 1-Co. .

The internal sum over spin indices in the O(s?) term will now always be left
implicit. In classical observables we can also drop the remaining O(h?) term, as

this just corresponds to a quantum correction from contact interactions.

5.4.2 Gravity amplitudes

Rather than re-calculate these amplitudes in perturbative gravity, let us apply
the double copyﬁ Note that for massive states with spin this ability is reliant on
our gauge theory choice of g;, = 2, as was noted in [106]. Only with this choice is
the gravitational theory consistent with the low energy spectrum of string theory

[106, 227], of which the double copy is an intrinsic feature.

For amplitudes in the LO impulse the Jacobi identity is trivial, as we saw in
section [3.3.1] We can therefore simply replace colour factors with the desired
numerator. In particular, if we replace the colour factor in the previous spin s—
spin 0 Yang—Mills amplitudes with the scalar numerator from equation (3.59)) we
will obtain a spin s—spin 0 gravity amplitude, as the composition of little group
irreps is simply (2s+ 1) ® 1 = 2s + 1. Using the scalar numerator ensures that
the spin index structure passes to the gravity theory unchanged. Thus we can
immediately obtain that the classically significant part of the spin 1/2—spin 0

gravity amplitude is
3 ab __ E 2 i 2cab L = ab 2
WM™ == (3 7 (p1 - p2)*0 o (1~ p2) €(p1, @, p2, 1) + O(I7) |, (5.48)

while that for spin 1-spin 0 scattering is

ij K\?2 4 ii 1 ~ Y

th T=- (§> ? |:(p1 'p2>26J - m_l(pl p2> €(p17Q7p27 Slj)
1 , )

+2—m%(p1 p2)X(q- 5N sY) + O(hQ)} . (5.49)

4One can easily verify that direct calculations with graviton vertex rules given in [39]
reproduce our results.
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Notice that the O(s) parts of these amplitudes are exactly equal, up to the
different spin indices. This is a manifestation of gravitational universality: the
gravitational coupling to the spin dipole should be independent of the spin of the

field, precisely as we observe.

We have deliberately not labelled these as Einstein gravity amplitudes, because
the gravitational modes in our amplitudes contain both gravitons and scalar
dilatons. To see this, let us re-examine the factorisation channels in the ¢ channel

cut, but now for the vector amplitude:

: — i K\ 2 1 i e — i
lim (q2h3M J) =—4 <§> (p“p“éj Ep’fe“p ‘5p1pq0315]

G2—0
1 @ v
2 (q s1)(q - 51 )p1p1 P ivir PoD5 (5.50)

ik

K\ 2 Hofigid 4 (q- 31)(Q‘311€j) L (4)
—4 <§> pipioY + 3 Pin DWW p2p2 )

2mJ

where we have utilised the de-Donder gauge graviton and dilaton projectors from
equation (3.62)). As for the scalar case, the pure Einstein gravity amplitude for
classical spin 1-spin 0 scattering can just be read off as the part of the amplitude

contracted with the graviton projector. We find that

. K\2 4 1 T S
WM, =— <§> 7 (p1 - p2)? — lemz J 1(171 ~p2) €(p1, G, P2, 57)

1 1

o (007 = Joo) @ st)a- )+ 007 51)
1

The spinor—scalar Einstein gravity amplitude receives the same correction to the

initial, scalar component of the amplitude.

Note that dilaton modes are coupling to the scalar monopole and O(s?)
quadrapole terms in the gravity amplitudes, but not to the O(s) dipole
component. We also do not find axion modes, as observed in applications of the
classical double copy to spinning particles [106], [108], because axions are unable

to couple to the massive external scalar.
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5.5 Black hole scattering observables from

amplitudes

We are now armed with a set of classical tree-level amplitudes and formulae for
calculating the momentum impulse Ap} and angular impulse As/ from them. We
also already have a clear target where the analogous classical results are known:

the results for 1PM scattering of spinning black holes found in [21§].

Given our amplitudes only reach the quadrupole level, we can only probe lower
order terms in the expansion of equation (5.5). Expanding in the rescaled spin

af, and setting af — 0, the momentum impulse is

2Gmim bt 2’7 v v
ot =7 {0 B o)
272 —1

22

<4b“b”bp - Bbzb(“H”p)>alya1p + O(a3)} +0O(G?), (5.52)

where II#, is the projector into the plane orthogonal to v} and w4 from (5.7).

Meanwhile the angular impulse to the same order is

2Gmim a1y
Ash = —ufa1, ApY — ﬁ {Q%Wpaulp o (U, s, b)b;2

272 — 1
—VTEMV’MUM <2bl,bp — bQHVp> apnal + O(a3)} +0O(G?). (5.53)
In this section we demonstrate that both of these results can be recovered by

using the classical pieces of our Einstein gravity amplitudes.

5.5.1 Momentum impulse

To calculate the momentum impulse we substitute M;_o into the general
expression in equation ([3.44]). Following the prescription in section , the only
effect of the momentum integrals in the expectation value is to set p, — Matq

in the classical limit. This then reduces the double angle bracket to the single
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expectation value over the spin states:

. K\ 2 A —1
A = —imyms () / d'q8(u - )0 (uz - e bqq

1., 7y _ 272 —1 _ _
><<§(2”Y _1)_m_1€<U17QaU2751)+ 2 (Q'Sl)(Q'31)>

(5.54)
= —4imimonG ((272 — DI" = 2iyuius € pous <at15>pw

<alya’1p>[“l/p> )

272 —1

where we have rescaled a* = s /m and defined three integrals of the general form

e—zbwj

Jretn — / d*qo(uy - §)0(usy - §) =

q gt (5.55)

The lowest rank integral of this type was evaluated in chapter [3 with the result

L
(S ——— (5.56)

2my/72 — 1 b

To evaluate the higher rank examples, note that the results must lie in the plane
orthogonal to the four velocities. This plane is spanned by the impact parameter
b, and the projector I1#, defined in equation (5.7). Thus, for example,

I = apbb” + BoIIM | (5.57)

Given that we are working away from the threshold value b = 0, the left hand

side is traceless and 5 = —ayb?/2. Then contracting both sides with b,, one
finds

2 —2 (a5 - s ) (b @) = — 5.58

Qg = qo(ur-q)o(uz - q) Q('Q)—ﬁb—ga (5.58)

where we have used the result of equation (5.56). Thus the coefficient sy is

uniquely specified, and we find

1 1
(R — T Ty A (5.59)
wbiy/v? — 1 2
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Following an identical procedure for [#*?, we can then readily determine that

4
(R — (b“b”bp - Zbe(“H””)) . (5.60)

/AE 1

Substituting the integral results into the expression for the leading order classical

impulse, and expanding the projectors from equation (5.7)), then leads to

2Gmym b2
AP 72—1_ _12 ((272 D+ b—Z(Qb“bo‘ — DT eqp(ur, uz)(af)
272 -1
o

(40" b — 3b2b<“H”ﬂ>)<a1,,a1p>) . (5.61)

Comparing with equation ({5.52)) we observe an exact match, up to the appearance
of spin state expectation values, between our result and the O(a?) expansion of

the result for spinning black holes from [218].

5.5.2 Angular impulse

Our expression, equation (5.33)), for the classical leading-order angular impulse
naturally has two parts: one term has a commutator while the other term does
not. For clarity we will handle these two parts separately, beginning with the

term without a commutator, which we will call the direct term.

The direct term

Substituting our O(s?) Einstein gravity amplitude, equation (5.51)), into the direct

part of the general angular impulse formula, we find

A~ A A . — H
AST’(O)|direct = <<i/d4(j6(2p1 - q)6(2p2 - (j)ezb'q( - h?’%(j : 51(p1>M10>>>
1
2 _ibg

— <<ii2/d4§5(2p1.q)5(2p2.q) = PG 51(p1) (5.62)

my

X <<(p1 -p2)? — %m?mi) - m%(pl - P2) €(p17(77p2>51)) + (9(53)>> :
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As with the momentum impulse, we can reduce the double angle brackets to

single, spin state, angle brackets by replacing p, — mau., so that
2
A = G i (292 = DL + 2 Geasatsns) I7) . (5.3

where the integrals are again defined by equation ([5.55). We can now just
substitute our previous evaluations of these integrals, equations ([5.56|) and (5.59)),

to learn that

2G b,
|direct - _\/%u/f ((272 - 1>b_2<a1>

iz (2670 — b°11"%) eap(ul,u2)<alya‘1’>) . (5.64)

Aala(o)

The commutator term

Now we turn to the commutator piece of equation (5.33)). The scalar part of
our Einstein gravity amplitude, equation (5.51]), has diagonal spin indices, so its
commutator vanishes. We encounter two non-vanishing commutators:

g

[S/faslf} m—GM (81,171),

1
o (5.65)

[sh,q-s51G-s1) = E q-s1€'(q,s1,p)+ O<h2)

omitting a term which is higher order. Using these expressions in the commutator

term, the result is

A O = << / d*q6(2py - )8(2ps - @) T R2[s (p1), M 0]>>
. 9 4 2 e e_ib'q — vpo plp
= 1K /d q(2p1 - q)6(2p2 - ) 7 (p1 - p2) €(p1, G, p2)o€"” S5 (5.66)

1

_7%Ompg }ﬁ%>q$w@“ma>‘

As is familiar by now, we evaluate the integrals over the momentum-space

wavefunctions by setting p, = mau., but expectation values over the spin-space

wavefunctions remain. The result can be organised in terms of the integrals I*
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and I*? defined in equation ([5.55):

As’f’(o) |com = 21 Gy (476"”""<sly>u1pem(u1, ) I
— —(2’)/2 — 1)€MVPUU1P<510-5101>[&,/) . (567)

Finally, we perform the integrals using equations (5.56) and (5.59)), rescale

the spin vector to af and combine the result with the direct contribution in

equation ([5.64)), to find that the angular impulse at O(a?) is

2Gm1m2

7

bl/ v 2 vpo
As’f(o) = {(272 — 1)u’fﬁ<a1> + b—;ye“ P <a1,,>u1pea(u1,uQ, b)

2 200
- Tt (e = 20 aptun, et (5.68)

272 — 1 2b,b*
+ wEWWulp<alga1>\> (H/\V o = ) }

This final result agrees with the classical result of equation (5.53)), modulo the

remaining spin expectation values.

5.6 Discussion

Starting from a quantum field theory for massive spinning particles with arbitrary
long-range interactions (mediated e.g. by gauge bosons or gravitons), we have
followed a careful analysis of the classical limit (A — 0) for long-range scattering
of spatially localised wavepackets. We have thereby arrived at fully relativistic
expressions for the angular impulse, the net change in the intrinsic angular
momentum of the massive particles, due to an elastic two-body scattering process.
This, our central result of the chapter, expressed in terms of on-shell scattering
amplitudes, is given explicitly at leading order in the coupling by . Our
general formalism places no restrictions on the order in coupling, and the
expression for the angular impulse, like its analogues for the momentum
and colour impulse found in earlier chapters, should hold at all orders. Since the
publication of this formalism in ref. [3], general, fully classical formulae have been
proposed in [132, 22§] for the angular impulse, expressed in terms of commutators
of a modified eikonal phase. It would be very interesting to establish a firm

relationship between this proposal and our results. Our 1PM calculations of the
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spin-squared parts of the fully covariant momentum and angular impulses have
also been confirmed using post—Minkowskian EFT methods, and extended to

next-to-leading-order in the coupling [211], equivalent to a 1-loop computation.

In this chapter we applied our general results to the examples of a massive spin
1/2 or spin 1 particle (particle 1) exchanging gravitons with a massive spin 0
particle (particle 2), imposing minimal coupling. The results for the linear and
angular impulses for particle 1, Ap/ and As/, due to its scattering with the scalar
particle 2, are given by and . These expressions are valid to linear
order in the gravitational constant G, or to 1PM order, having arisen from the
tree level on-shell amplitude for the two-body scattering process. By momentum
conservation (in absence of radiative effects at this order), Apy = —Ap/, and the
scalar particle has no intrinsic angular momentum, sy = Ash = 0. The spin 1/2
case provides the terms through linear order in the rescaled spin af = s} /m4, and
the spin 1 case yields the same terms through linear order plus terms quadratic

in af.

Our final results and from the quantum analysis are seen to
be in precise agreement with the results and from [218] for the
classical scattering of a spinning black hole with a non-spinning black hole,
through quadratic order in the spin — except for the appearance of spin-state
expectation values (af) and (a4'ay) in the quantum results replacing a4 and af'a¥
in the classical result. For any quantum states of a finite-spin particle, these
expectation values cannot satisfy the appropriate properties of their classical
counterparts, e.g., (a*a”) # (a*){(a”). Furthermore, we know from section
that the intrinsic angular momentum of a quantum spin-s particle scales like
(s*) = m{a") ~ sh, and we would thus actually expect any spin effects to vanish

in a classical limit where we take h — 0 at fixed spin quantum number s.

For a fully consistent classical limit yielding non-zero contributions from the
intrinsic spin we of course would need to take the spin s — oo as h — 0, so
as to keep (s*) ~ sh finite. However, the expansions in spin operators of the
minimally coupled amplitudes and impulses, expressed in the forms we have
derived here, are found to be universal, in the sense that going to higher spin
quantum numbers s continues to reproduce the same expressions at lower orders
in the spin operators. We have seen this explicitly here for the linear-in-spin
level, up to spin 1. This pattern was confirmed to hold for minimally coupled
gravity amplitudes for arbitrary spin s in ref. [I28]. The authors showed that

applying the formalism we have presented here to amplitudes in the limit s — oo
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fully reproduces the full Kerr 1PM observables listed in (5.5)), up to spin state
expectation values. Using the coherent states in section [2.3.2] one can indeed
then take the limit where (a*a”) = (a*)(a”) and so forth. The precise forms of

1/s corrections to the higher-multipole couplings were discussed in [233].

Our formalism provides a direct link between gauge-invariant quantities, on-
shell amplitudes and classical asymptotic scattering observables, with generic
incoming and outgoing states, for relativistic spinning particles. It is tailored to
be combined with powerful modern techniques for computing relevant amplitudes,
such as unitarity methods and the double copy. Already, with our examples at
the spin 1/2 and spin 1 levels, we have explicitly seen that it produces new
evidence (for generic spin orientations, and without taking the non-relativistic
limit) for the beautiful correspondence between classical spinning black holes and
massive spinning quantum particles minimally coupled to gravity, as advertised in

chapter [I} Let us now turn to a striking application of this on-shell relationship.
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Chapter 6

A worldsheet for Kerr

6.1 NJ shifts from amplitude exponentiation

The Newman—Janis (NJ) shift in equation is a remarkable exact property of
the Kerr solution, relating it to the simpler non-spinning Schwarzschild solution
via means of a complex translation. A partial understanding of this phenomenon
is available in the context of minimally-coupled scattering amplitudes. Rather
than consider field representations of a definite spin as in the last chapter, here
it is more instructive to follow Arkani-Hamed, Huang and Huang [223], and
consider massive little group representations of arbitrary spin. Specifically, we
will introduce spinors |py) and |p;] with SU(2) little group indices I = 1,2, such
that that the momentum is written(]

1 1
pt = §€U (pslo"|p1] = 2 <p]‘ o"|p1] . (6.1)
We raise and lower the little group indices I, J, ... with two-dimensional Levi-

Civita tensors, as usual. The o* matrices are a basis of the Clifford algebra, and

we use the common choice
ot =(1,04,04,0,). (6.2)

Minimally coupled three-point amplitudes take a particularly simple form when

written in these spinor helicity representations. In particular, the amplitude for a

'We adopt the conventions of ref. [227].

125



spin s particle of mass m and charge () absorbing a photon with positive-helicity

polarisation vector ; is simply given by [129] 227]

+

(plpg)>%
m25 ’

L

= (6.3)

1¢ 2°

where the exponent includes a prescription to symmetrise over the little group
indices. We can deduce the classical limit of this generic amplitude in the same
manner as in section for specific field representations. The photon momentum
k behaves as a wavenumber in the limit, so the outgoing momentum p, can be
viewed as an infinitesimal Lorentz boost, with generators . In terms of
spinors,

no-
p2) = lp1) — 2_mlk o |pi]. (6.4)

As in our earlier examples we expand the amplitude in the spin polarisation

vector, which in these variables is in general given by [129] 227]

spy(p) = %sh@zlaﬂm] : (6.5)

From our single particle wavefunctions in chapter [2, we know that as & — 0 the
spin s must tend to infinity (since it is the size of the little group representation),
such that the combination sh appearing in state expectation values is finite. Thus,

in the classical limit, the three-point amplitude is

2 k 2 7
ai= 2t (-5 = e e

where recall that a* = s*/m. The denominator A factor is a remnant of the
correct normalisation for amplitude coupling constants from section — such

factors will be unimportant in this chapter and thus uniformly neglected.

Since —2Q(p1 - ;) = Acoulomb is the usual QED amplitude for a scalar of charge

@ and momentum p absorbing a positive-helicity photon, we can conclude that

A\/@ fk: aACOu10mb ) (67)
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Similarly, the gravitational three-point amplitude for a massive particle is
M;(j_rr _ 6—]}.QM§7C_Ewarzschild ’ (68)

in terms of the “Schwarzschild” amplitude for a scalar particle interacting with
a positive-helicity graviton of momentum k. A straightforward way to establish
the connection of these amplitudes to spinning black holes [128 226], 227] is to
then use them to compute the impulse on a scalar probe at leading-order in the
Kerr background [129]. The calculation can be performed using the formalism
of this thesis on the one hand, in particular equation (3.44)); or using classical
equations of motion on the other. A direct comparison of the two approaches
makes it evident [128, [129] that the NJ shift of the background is captured by

the exponential factors e,

This connection between the NJ shift and scattering amplitudes suggests that
the NJ shift should extend beyond the exact Kerr solution to the interactions of
spinning black holes. Indeed, it is straightforward to scatter two Kerr particles
(by which we mean massive particles with classical spin lengths a; and ay) off
one another using amplitudes. The purpose of this chapter is to investigate the
classical interpretation of this fact. To do so, we turn to the classical effective
theory describing the worldline interactions of a Kerr particle [199-201], 203, 274].
We will see that the NJ property endows this worldline action with a remarkable
two-dimensional worldsheet structure. The Newman-Janis story emerges via
Stokes’s theorem on this worldsheet with boundary, and indeed persists for at
least the leading interactions. We will see that novel equations of motion, making
use of the spinor-helicity formalism in a purely classical context, allow us to make

the shift manifest in the leading interactions.

Our effective action is constructed only from the information in the three-point
amplitudes. At higher orders, information from four-point and higher amplitudes
(or similar sources) is necessary to fully specify the effective action. Therefore our
action is in principle supplemented by an infinite tower of higher-order operators.
We may hope, however, that the worldsheet structure may itself constrain the

allowed higher-dimension operators.

As further applications of our methods, we will use a generalisation of the
Newman—Janis shift [238] to introduce magnetic charges (in electrodynamics)
and NUT parameters (in gravity) for the particles described by our equations

of motion. As an example, we compute the leading impulse on a probe particle
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with mass, spin and NUT charge moving in a Kerr—Taub-NUT background. The
charged generalisation of the NJ complex map can similarly be connected to the
behaviour of three-point amplitudes in the classical limit [130, 131, 133], 174, 234]
239], and we will reproduce results recently derived from this perspective [133],

furthermore calculating the leading angular impulse for the first time.

The material in this chapter is organised as follows. We begin our discussion in the
context of electrodynamics, constructing the effective action for a v/Kerr probe
in an arbitrary electromagnetic background. In this case it is rather easy to
understand how the worldsheet emerges. We discuss key properties of the
worldsheet, including the origin of the Newman-Janis shift, in this context.
It turns out to be useful to perform the matching in a spacetime with “split”
signature (+, 4+, —, —), largely because the three-point amplitude does not exist
on-shell in Minkowski space. The structure of the worldsheet is particularly
simple in split-signature spacetimes. In section we turn to the gravitational
case, showing that the worldsheet naturally describes the dynamics of a spinning
Kerr particle. We discuss equations of motion in section [6.4] focussing on the
leading-order interactions which are not sensitive to terms in the effective action
which we have not constrained. In this section, we will see how useful the methods
of spinor-helicity are for capturing the chiral dynamics associated with the NJ

shift, as well as magnetic charges.

This chapter is based on material first published in [4], in collaboration with

Alfredo Guevara, Alexander Ochirov, Donal O’Connell and Justin Vines.

6.2 From amplitude to action

We begin by concentrating on the slightly simpler example of the v/Kerr particle
in electromagnetism. We wish to construct an effective action for a massive,
charged particle with spin angular momentum S*. Building on the work of
Porto, Rothstein, Levi and Steinhoff [T99-201], 203, 275], we write the worldline

action as

S = /dT{—mm — %SWQ’“’ —QA- u} + Sgp (6.9)
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where u* and Q" are the linear and angular Velocities,ﬂ and Sgpr contains
additional operators coupling the spinning particle to the electromagnetic field.

The momentum is defined as the canonical conjugate of the velocity,

OL

Pu= "5 = mu, + O(A). (6.11)

We will continue to assume the spin tensor to be transverse according to the
Tulezyjew covariant spin supplementary condition in equation (5.2). We can

therefore relate the spin angular momentum to the spin pseudovector a* by

o QLﬁGMVpapy S, = 2_]1926u(p, S) &  Sw=cwba). (6.12)
The effective action can be written independently of the choice of SSC, at
the expense of introducing an additional term from minimal coupling [201], 274
276]. This has played an important role in recent work pushing the gravitational
effective action beyond linear-in-curvature terms [205-H207], but for our present
purposes a fixed SSC will suffice. Note that any differences in the choice of the
spin tensor Sy, are projected out from the pseudovector a* by definition, and it

is the latter that will be central to our discussion.

We will only consider the effective operators in Sgpr that involve one power of
the electromagnetic field A,, which can be fixed by the three-point amplitudes.

Since these amplitudes are parity-even, the possible single-photon operators are

Serr = Q Z /dT uta” [Bn(a . 8)2”’2F:,/(:L')
n=1

+Cha- 8)2”’1]7“1,(1:)] . (6.13)

z=r(T)

Notice that an odd number of spin pseudovectors is accompanied by the dual

field strength

* 1 g
Fiy = 36" (6.14)

while the plain field strength goes together with an even power of a. By dimen-

2We will be fixing 7 to be the proper time, so the velocity u# = dr# /dr will satisfy u? = 1.

The angular velocity can be defined through a body-fixed frame eﬁ(T) on the worldline as

d
QY (1) = el (T)—e (7). (6.10)
dr
The tetrad allows us to pass from body-fixed frame indices a, b, . .. to Lorentz indices u, v, ..., as
usual. More details on spinning particles in effective theory can be found in recent reviews [25]

26).
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sional analysis, the unknown constant coefficients B,, and C,, are dimensionless.

6.2.1 Worldsheet from source

To determine the unknown coefficients, we choose to match our effective action
to a quantity that can be derived directly from the three-point v/ Kerr ampli-
tude (6.7). A convenient choice is the classical Maxwell spinor given by the

amplitude for an incoming photon, which is [134]
2 A — - .
¢(r) = —% Re / d®(k) (k- u) [E) (k| e ®7 A, . (6.15)

In this expression the integration is over on-shell massless phase space, cast in
the notation of equation . This Maxwell spinor is defined in (2,2) signature.
Indeed, in Minkowski space the only solution of the zero-energy condition k- u for
a massless, on-shell momentum is k* = 0, so the three-point amplitude cannot
exist on-shell for non-trivial kinematics. However, there is no such issue in (2,2)
signature, which motivates analytically continuing from Minkowski space. (The
spinor ‘l?;> is constructed from the on-shell null momentum & as usual in spinor-
helicity.)

In fact, the Newman—Janis shift makes it extremely natural for us to analytically
continue to split signature even in the classical sense, without any consideration

of three-point amplitudes. The Maxwell spinor for a static v Kerr particle is

explicitly
Kerr Q 1 .
% - Y, Lo 1
G P P D) EA A (6.16)
In preparation for the analytic continuation z = —iz’, we may choose to order the

Pauli matrices as o = (0,,0,,0,). Then the spinor structure in equation (6.16]

becomes real, while the radial fall-off factor in the Maxwell spinor simplifies to

1
@7 = G-

where we have dropped the prime sign of z. In short, we have a real Maxwell
spinor in (2,2) signature, and the spin a is now a real translation in the timelike

z direction.

We now analytically continue the action (6.13)) by choosing the spin direction to
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become timelike. In doing so, we also continue the component of the EM field
in the spin direction, consistent with a covariant derivative 0 + {QQA. In split
signature, it is convenient to rewrite the effective action ansatz in terms of self-

and anti-self-dual field strengths, which we define as

Fro(x) = Fu(x) £ F (). (6.17)

Our action then depends on a new set of unknown Wilson coefficients B,, and C,,:
SEFT = Q ZO /dT uta” [Bn(a ' a)nF/j;(x) + én(a ’ 8)”F/;/(g;-)]xzr(7_) ’ (6'18)

To determine these coefficients we can match to the three-point amplitude by
computing the Maxwell spinor for the radiation field sourced by the vKerr par-
ticle, which we assume to have constant spin a* and constant proper velocity u*.
In (2,2) signature the exponential factor in equation also picks up a factor

—1, so we match our action to

d(z) = —\g Re / d®(k) o(k - u) |E) (k| e~Fo AGoulombeika (6.19)
Our matching calculation hinges upon the field strength sourced by the particle,
which is determined by the vKerr worldline current j#(k). In solving the Maxwell
equation we impose retarded boundary conditions precisely as in [134], placing
our observation point x in the future with respect to one time coordinate t°, but
choosing the proper velocity u to point along the orthogonal time direction. It is

useful to make use of the result

—04, 1
—— = —isign k°0(k?) + =—, (6.20)

kret kadv
where the ret and adv subscripts indicate retarded and advanced Green’s
functions respectively. Since the advanced Green’s function has support for

t® < 0, we may simply replace

= —isign(k®)5(k?) . (6.21)

ret
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The field strength sourced by the current in split signature is therefore

P (z) = 2/624E Sign(lz;o)g(]?) 3] ok
(6.22)

Notice that the appropriate integral measure is now precisely the invariant phase-
space measure (2.10); substituting the worldline current for our v/ Kerr effective
action in equation (/6.18)), evaluated on a leading-order trajectory, we thus have

F*(z) = 40 Re / Ao (k) §(k-u) {k:[“u”] [ma-z% i (Bn(m B)" + G (ia- E)n) ]

+ ik (kyu,a) Y (Bn(m B — Chia - /‘f)n) } e~ (6.23)

n=0

To match to the three-point v/ Kerr amplitude, we need to compute the Maxwell

spinor ¢ and its conjugate, ¢. To do so, we introduce a basis of positive and

negative helicity polarisation vectors 52:. On the support of the delta function

in (6.23)), manipulations using the spinorial form of the polarisation vectors given
in [I34] then lead to

V2

e, = +7€Z -u|k) (K|

B B 5 o
kel (k,u,a)o, = —%a kel ulk)(k|.

(6.24)

The latter equality relies upon the identity kl“e*?7X = 0, and the fact that Oy 18
self-dual in this signature. With these expressions in hand, it is easy to see that

the Maxwell spinor has a common spinorial basis, and takes the simple form
o(x) = 2v/2Q Re/d@(/;:) (K - w)e ™ |k (k| el -u
X <1 + Z?C*n(m : k)"“) . (6.25)
n=0

Recall from equation ((6.18)) that the Wilson coefficients B,, and C,, were identified
with self- and anti-self-dual field strengths, respectively. Since a positive-helicity
wave is associated with an anti-self-dual field strength, it is no surprise that the

Maxwell spinor should depend only on this part of the v/ Kerr effective action.
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Fixing the B, coefficients requires the dual spinor, which is given by
o(x) = —2v2Q Re/dcb(k:) (k- w)e ™ |k [k| £, U
X (1 + Z 2B, (ia - l?:)”“) . (6.26)

n=0

Here we have used that
(6.27)

recalling that & is anti-self-dual in split signature spacetimes.

It now only remains to match to the Maxwell spinors for the three-point ampli-
tude, as given in equation (6.19). The scalar Coulomb amplitudes for photon

absorption are just Ay = —2mQu - 5%, so for the v/ Kerr three-point amplitude

o(x) = +2v2Q Re/d(I)(k;) O(k - w)e 7 |k) (k| & - ue™ e,
, ) (6.28)
q;(x) = —2\/§Q Re/dcb(k) S(]; -u)e ke 1] [K| e we—Fa

Expanding the exponentials and matching to eqs. (6.25)) and (6.26)) identifies

.y L1

e O T s (6:29)

which upon substitution into equation (6.18)) finally yields the vKerr effective

action in split-signature:
_ i —a- o) (a-0)" __
st = @Y [arwa [T e o0 PR
e~ -0 1 6(1-8 -1
== K + -
/dTu ¢ l < —a-0 > F ( ) < a-0 ) FNV(:E):| z=r(T) .

So far, the Newman—Janis structure is hinted at by the translation operators e

(6.30)

+a-0

appearing in the effective action. We can make this structure more manifest by

133



writing the effective action equivalently as

1
Sppr = _g / dT/ e’ [ OEL () = SO ()],
0 (6.31)

1
_ _% /dT/O dAua [F (r = Xa) = i (r + Aa)] .

Our effective action is now an integral over a two-dimensional region — a

worldsheet, rather than a worldline.

To see that this worldsheet is indeed connected to the Newman—Janis shift, let
us recover this shift for the Maxwell spinor. First, we can read off the worldsheet
current J# from the action Sgpr — Q [dT A u* = — [d*zA,J". Then, the gauge
field A, set up at a point z by this source may be written as an integral of a

Green’s function G(x — y) over the worldsheet:

Al(r) = / d'y Gz — y) I (y) (6.32)

= Q/dT{u“G(QE —7r)+ %/ldk([u“(a -0) + " (u,a,0)|G(z — r + a)

0

—[u(a-0) — (u,a,0)|G(z —r — Aa))} :

The field strength follows by differentiation, after which contraction with o

matrices yields the Maxwell spinor,

é(z) = 2Q / dr 70" [G(a: —r)— /0 i (a-8)G(z —r — /\a)] . (6.33)

where the first term comes from the non-spinning part of the action . Now
the a-0 operator acting on the Green’s function can be understood as a derivative
with respect to A\. This produces a A integral of a total derivative, which reduces
to the boundary terms. Cancelling the first term in equation against the
boundary contribution at A = 0, we find simply that

o(z) = QQ/dT ouu’O'G(r —r —a). (6.34)

The Maxwell spinor depends only on the anti-self-dual part of the effective action,
shifted by the spin length. The real translation in (2,2) signature is a result of
this real worldsheet structure. We will shortly see that this structure persists for

Interactions.
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6.2.2 Worldsheet for interactions

Let us analytically continue the action (6.31)) back to Minkowski space:

1
SgrT = %/dT/ d\uta” [iF} (r +iXa) — iF,,(r — i)a)]
0 (6.35)
= QRe/drdA i (r +ida) uta”
b
Here the self-dual and anti-self-dual field strengths are
Ft =F, +iF, = i%engiﬂa, (6.36)

and ¥ is the worldsheet, with 7 running over (—o0, c0), and A over [0, 1].

Now that we are back in Minkowski space, let us turn to the Newman—Janis
structure of interactions. Suppose that our spinning particle is moving under the
influence of an external electromagnetic field, generated by distant sources. The
total interaction Lagrangian contains the worldsheet term (|6.36]) as well as the

usual worldline minimal coupling:

Sine = —Q [ dTA,(r)u" +Q Re/ drd\ ZF:V(T +iXa)uta” + ..., (6.37)
%n b
where 0%, is the “near” boundary of the worldsheet, at A = 0, as shown in
figure[6.1] We will similarly refer to the boundary at A = 1 as the “far” boundary.
The near boundary is the physical location of the object, while the far boundary
is a timelike line embedded in the complexification of Minkowski space. We have
also indicated the presence of unknown additional operators (involving at least
two powers of the field strength) in the action by the ellipsis in equation (6.37).

It is convenient to introduce a complex coordinate z = r 4+ iAa on the worldsheet.

In terms of this coordinate, we may write the two-form

Ft(z) = 1F+( YA A dz = iF(2)(uf 4+ idat)a” dT A dA, (6.38)

9" m uv

where a* = da*/dr. Since in the absence of interactions the spin is constant, @

must be of order F'. Therefore, we may rewrite our interaction action as

Sint = —Q rydrt + = Re/ dzM Ndz" + . (6.39)
azn
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Figure 6.1 Geometry of the effective action: boundary 0%, of the complex
worldsheet (translucent plane) is fixed to the particle worldline in
real space (solid plane).

In doing so, we have redefined the higher-order operators indicated by the ellipsis.

When the electromagnetic fields appearing in the action are generated
by external sources, both F' and F* are closed two-forms, so we may introduce
potentials A and A* such that FF = dA and F* = dA*. The dual gauge potential
A* is related to A by duality, but this relationship need not concern us here: we
only require that both potentials exist in the vicinity of the v/Kerr particle. Hence
we may also write F'™ = dA +idA* = dA'. Then the action becomes

Sint = —Q A+QRe/dA++...
o2 R (6.40)
=—Q A—i—QRe/ A+—QRe/ At +...
0% % 9%
where the boundary consists of two disconnected lines (the far and near
boundaries). The orientation of the integration contour was set by FT, as

depicted in figure 6.1}

Now, notice that on the near boundary z = r(7) is real. Hence Re AT = A, so

we are only left with the far-boundary contribution in the action:

Sint = —QRe/ At +... = —QRe/dm”Aj(rJria)Jr... : (6.41)

0%¢

Thus we explicitly see that the interactions of a v/ Kerr particle can be described
with a Newman—Janis shift. We will exploit this fact explicitly in section [6.4]

Before we do, we turn to gravitational interactions.
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6.3 Spin and gravitational interactions

As a step towards a worldsheet action for a probe Kerr in a non-trivial
background, it is helpful to understand how to make the electromagnetic effective
action generally covariant. In a curved spacetime, we cannot simply add a
vector Aa to a point r. To see what to do, let us reintroduce translation operators
as in equation . The worldsheet EFT term in Minkowski space is

Serr = Q Re/ de)\iei’\“'aij(a:) uta” .
y © (6.42)
= QRe /EdeA > —(iXa - 0)"Fy, () u"a”

n=0

z=r(T)

Now, it is clear that a minimal way to make this term generally covariant is to
replace the partial derivatives 0 with covariant derivatives V, so in curved space

we have

x=r(T)

= 1
= drd —(ida-V)"F’ uta” .
SEFT QRe/2 Td\ NX% n!(z)\a V)"E, (r) iuta (6.43)

It is therefore natural for us to consider a covariant translation operator

l a-V ]'
AoV =3 —(Xa-V)" (6.44)
n=0

This operator generates translations along geodesics in the direction a. To see
why, note that the perturbative expansion of such a geodesic beginning at a point
xo in the direction a with parameter ¢ is

2

14
a'(0) =z + La" — Efﬁp(xo)a”ap +.... (6.45)

Now consider the perturbative expansion of a scalar function f(z) along such a

geodesic. We have

F(0) = F(a0) + CaD,f(a0) + S aa? (9,0, F(20) — T (a0)fw0)) +
= f{a0) + Ha- V) F(z0) + (a- V)(a- V)fan) + ... (6.46)

="V f(xo) .
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A traditional point of view on equation is that the operators only act on
the two-form F;, However, we can alternatively think of the operator acting
on a scalar function F lj;u“a”, provided we extend the definitions of the velocity
u and the spin a so that they become fields on the domain of the translation
operator. We can simply do this by parallel-transporting w(r(7)) and a(r(7))
along the geodesic beginning at (7) in the direction a(7) (using the Levi-Civita
connection). We denote these geodesics by z(7, A); explicitly,

2

(1, N) = (1) +iXa”(T) + %Fﬁp(T(T))aV‘LP LR (6.47)

(Notice that the translation operator ((6.44) has parameter iA.) The parallel-
transported vectors, with initial conditions a(z(7,0)) = a(7) and u(z(7,0)) =

u(7), have the similar perturbative expansions
(6.48)

We now view the translation operator in equation ([6.43|) as acting on the scalar

quantity FFu'a”:
eV E L (r(T))a (T)u” (1) = Fu(2(1, \)a" (z(1, \)u” (2(1, \) . (6.49)
Expanding perturbatively to first order in A, we have

ei’\“'vFW(r(T))a“(T)u”(r) = (F“,,(’/‘<T)) +i\a” (8PFW -5 Fo — Fl‘}pFHQ)) afu?
= (Fu(r(1)) +iXa’V ,F,,) a'u” . (6.50)

The final expression is precisely the same as the picture in which the derivatives

act only on the field strength: these are equivalent points of view.

The worldsheet arises from interpreting the translation operators as genuine
translations. In curved space, the operators replace the straight-line sum r + za\
appearing in our action (6.36)) with the natural generalisation — a geodesic in

the direction aE| We can express the curved-space effective action as

ST = QRe/de)\ i (2) ut(z)a” (2) oy (6.51)
) z=z(T,

3In general, these geodesics may become singular. We assume that such singularities do not
arise. If they were to arise, there would also be a divergence in the interpretation of the EFT
as an infinite sum of operators.
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The surface ¥ is built up from the worldline of the particle, augmented by the

geodesics in the direction a for each 7.

Note that, since we neglect higher-order interactions, we may replace the velocity
vector field u(7, \) in the action (6.51]) with the similarly defined momentum field
p(7, A). Indeed, at A = 0 the difference adds another order in the gauge field, and
this persists for A # 0 after parallel translation along the geodesics. Therefore,

up to F? operators that we are neglecting, the v Kerr action may be written as

Sgrr = %Re/Ede)\ iF(2) ' (2)a” (2) . (6.52)

z=z(T,\)

We are now ready for the fully gravitational Kerr worldsheet action, which is
naturally motivated as a classical double copy of this covariantised worldsheet
action. Recalling that we should double-copy from non-Abelian gauge theory
rather than electrodynamics, we promote the field strength to the Yang—Mills
case:

QF,.(2) — cA(z)Ffj(z), (6.53)

where ¢ (z(7,\)) is a vector in the colour space (generated by parallel transport
from the classical colour vector of a particle, as described by the Yang—Mills—
Wong equations ) The double copy replaces colour by kinematics, so we
anticipate a replacement of the form ¢* — u#. Moreover, to replace F lfy we need
an object with three indices, antisymmetric in two of them, for which the spin
connection

w, " = el Ve = e’ (9,6 + r,e”) (6.54)

is the natural candidate. Since it is defined via a derivative of the (body-fixed)
spacetime tetrad e/, which is a dimensionless quantity, on dimensional grounds
the replacement should be of the form F ﬁ — mw#ab. Indeed, we find that the
correct worldsheet action for Kerr is

SErT = Re/ drdXiu,(z) W (2) p“(z)ab(z) oy (6.55)
) z=z(T,

where w is a self-dual part of the spin connection, defined explicitly by

1
w+uab(x) - w“ab(m) + Z.W*Mab(x> 3 W*Mab(l‘) = §€abcd WMCd<x) . (656>

In writing these equations, we have extended the body-fixed frame e, = e~d, of

vectors to every point of the complex worldsheet. We do so by parallel transport.
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As usual, the frame indices a,b,--- take values from 0 to 3, and €,pq is the

flat-space Levi—Civita tensor, with €yj03 = +1.

6.3.1 Flat-space limit

We will shortly prove that the worldsheet term reproduces all single-
curvature terms in the known effective action for a Kerr black hole in an arbitrary
background [200], 201], 203]. But first we wish to show that the term is non-trivial
even in flat space, and is in fact the standard kinetic term for a spinning particle

in Minkowski space [199] in that context.

In flat space and Cartesian coordinates, the worldsheet effective term ([6.55)) is

1
SgrT = Re/dT/ dNiw, (1) wH o (r + ida) p*(T)a’ (1), (6.57)
0

since the parallel transport of the vectors u,p and a is now trivial, and the
geodesics reduce to straight lines. In flat space, the frame GZ(T, A) is also
independent of A, since it is generated by parallel transport. Thus, the spin
connection is A-independent and the A integral in equation becomes trivial.

Given the A independence of the spin connection, we may write

Sgrr = Re [ dT 1d)\iu#(7) W (r(7)) a(T)CLb(T)
/ /0 R (6.58)

= —/dT () W (r(1)) p*(1)a’ (7).

Recalling the definitions of the dual spin connection w* and the spin pseudovec-

tor a, egs. (6.56) and (6.12)), we equivalently have
1 ab 1 ab
SEpT = —5 dr u, (1) W' (r(7)) Sap(T) = —3 dr Q®(r(7)) Sap(7) . (6.59)
This is nothing but the spin kinetic term written in equation . In this way,

we see that the worldsheet expression ([6.55)) already describes the basic dynamics

of spin.
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6.3.2 Single-Riemann effective operators

It is now straightforward to recover the full tower of single-Riemann operators in
the Kerr effective action. Returning to the full curved-space case, we may write

our action (6.55)) as

Sprr — Re / dr /0 T (7)o (7)) 5 () ()
~ e [ari (V—;l> U (7) & (7)) p (7)) (6.60)

=3 ke far % () &y (r (1)) p () (7)

where we performed the A integral and expanded the translation operator
eV,  The leading contribution is again the spin kinetic term, as a short
computation demonstrates. We also encounter an infinite series of higher-
derivative contributions for n > 1. To express them in terms of the Riemann

tensor, we recall that it satisfies
Rab,uu = egefRaﬁ uy = _v,u,wuab + vvw,uab + Whac wl/cb — Wuac W,ucb . (661)

Consistently omitting the quadratic in w terms from the equation above, as well
as the higher-order interaction contributions due to the difference between p* and

mu®, we rewrite a typical effective operator as

1

BCESY] Re/dT utp®a®(ia - V)”’la”vuw;b‘w:rm
= _ﬁ Re/dTpaabu#av(ia VAL [ijw + Vwily] or(ry T (6.62)
- —ﬁ Re/dT ua’a” (ia - V)" u“RZbe + %wjab e 4.
Here Ry, = Ry +iRy, ,, is defined via the dualisation of the first two indices.

Notice that in equation (6.62)) we treat the velocity u, momentum p and spin a

as fields on the worldline, so that they commute with the covariant derivative.

We may proceed by integrating the D/dr term by parts, after which it acts
on factors of velocity and spin. This generates curvature-squared (and higher)

operators that we again neglect. In this way, we arrive at the form of the leading
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interaction Lagrangian

)n—l

o . . v
Sint = —m/dT uauta” Rez % [Rab,w + iRZbW} . +.... (6.63)
n=1 : z=r(T

Finally, separating the even and odd values of n into two distinct sums

- _1 " - (6% v
Sint = m/dT |:Z ((27?;' (a/ . V)Qn 2Raﬂuyu aﬁu“a

n=1

- (_1)n n—1 px* a v
—ZW(GV)z IRQB#VU CL'BU#CL +...,
=1 ’

z=r(T)

one can verify that this reproduces the leading interactions of a Kerr black hole,
as discussed in detail by Levi and Steinhoff [203].

It is interesting that the worldsheet structure unifies the spin kinetic term with
the leading interactions of Kerr. The same phenomenon was observed directly at
the level of amplitudes in ref. [227].

6.4 Spinorial equations of motion

Equation explicitly displays a Newman—Janis shift for the leading inter-
actions of the vKerr solution. Now we take a first look at the structure of the
equations of motion encoding this shift. Since the Newman—Janis shift is chiral,
we will find that it is very convenient to describe the dynamics using the method
of spinor-helicity, even in a fully classical setting. Our focus here will be to extract
expressions for observables from the equations of motion at leading order. Thus
we are free to make field redefinitions, dropping total derivatives which do not
contribute to observables. We will also extend our work to magnetically charged
objects, such as spinning dyons and the gravitational Kerr-Taub-NUT analogue

at the level of equations of motion.

We may write the leading order action for a v/ Kerr particle with trajectory r(7)

and spin a(7) as

S =- /dT (p (1) + %e(p, a,) + QReu"AJ (r + ia)) + .. (6.65)
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By varying with respect to the position r(7) it is easy to determine that

Q

m

i
il =QRe F™"™(r +ia)u, + ...

7 Re F™*(r +ia)p, + ... . (6.66)
-

In the second equality, we replaced the velocity v = 7 with the momentum p/m,
noting that the difference between the momentum and mu is of order F. To
obtain a similar differential equation for the spin a*, it is helpful to begin by
differentiating a - p = 0, finding

da* _
PG = e F iaa,. (6.67)

Based on this simple result, it is easy to guess that the spin satisfies

da*
9 QR 4 ia)ay + .. (6.68)
dr m

and indeed a more lengthy calculation using the Lagrangian (6.65)) confirms this

guess.

Our expressions and for the momentum and spin have the same basic
structure, and are consistent with the requirements that p? and a? are constant
while a-p = 0. As discussed in section (6.1} in the context of scattering amplitudes
it has proven to be very convenient to introduce spinor variables describing similar
momenta; this logic also applies to spins. Notice that there is nothing quantum
about using spinor variables for momenta and spin: the momenta of particles
in amplitudes need not be small, and the spin can be arbitrarily large. We are
simply taking advantage of the availability of spinorial representations of the
Lorentz group. A key motivation for introducing spinors in the present context
is the chirality structure of eqgs. and , which hint at a more basic

description using an intrinsically chiral formalism.

The little group of a massive momentum is SO(3), so to construct the spin vector
a* in terms of spinors we need only form a little-group vector representation from
little group spinors. The vector representation of SO(3) is the symmetric tensor
product of two spinors, so we will need to symmetrise little group indices. Let

a'’ be a constant symmetric two-by-two matrix; then
L 1
@ = Sa'(p| o¥lpi) (6:69)

is the spin vector. To understand how these expressions work, it may be helpful
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to work in a Lorentz frame p* = (\/F ,0,0,0). Then the spin is a purely spatial
vector, so it is a linear combination of components in the x, y and z directions.
Thus there is a basis of three possible spins. This is reflected in the three
independent components of the symmetric two-by-two matrix a’/’/. The algebra
of the spinors immediately guarantees that the spin a and the momentum p are

orthogonal.

Given that we can always reconstruct the momentum and spin from the spinors,
all we now need are dynamical equations for the spinors themselves. The leading-

order spinorial equations of motion for v/ Kerr are

L lor) = 226(r() + () Ipr)
d i (6.70)
L] = 52 5(r(r) — ia(r)|pi].

Notice that the evolution of the spinors is directly determined by the Maxwell

spinor of whatever background the particle is moving in. The NJ shifts indicated
explicitly in equation (6.70) are an explicit consequence of the shift (6.41]) at

the level of the effective action. It is straightforward to recover the vectorial

equations and (6.68]) from our spinorial equation; for example, for the

momentum,

dp* Q . H
W L Reo(r(r) + ia(r) o) oo o
— —%Re Foo(r(7) +ia(7))p, tr (6?7 ac"”) .

The trace can be evaluated using standard techniques, which yield the projector

of a two-form onto its self-dual part,
tr (o#6"oP?) = Pyt — nhfn¥T 4 ie"P7 (6.72)

The vector algebra now easily leads to (6.70)).

To illustrate the use of spinorial methods, consider scattering two v/Kerr particles
off one another. We will compute both the leading impulse Ap; and the leading
angular impulse Aa; on one of the two particles during the scattering event.
The primary goal of this thesis has been to obtain these observables using the
methods of scattering amplitudes; here, spinorial equations of motion render the
computations even simpler. We denote the spinor variables for particle 1 by

|1,7) and |1, 7], and similarly for particle 2; these spinors are explicitly functions
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of proper time. In a scattering event we denote the initial spinors as |1) = |1, —o0)

(and similarly for |1].) The final outgoing spinors are then [1') = |1, +00).

The impulses on particle 1 are given in terms of a leading order kick of the spinor

|AT) = |1, 400) — |1, —o0) asﬁ

Apy = 267 Re|A1y) [14],

N oA (6.73)
a1—2a1 Re\ 1J>[1]‘

Thus we simply need to compute the kick suffered by the spinor of particle 1 to
determine both impulses, in contrast to other methods available (including using
amplitudes.) By direct integration of the spinorial equation (6.70) we see that

this spinorial kick is

Q [~ :

‘A11> = 2— dT¢(T1 +ZCL1) ‘1]) . (674)
mi J_~

At this level of approximation, we may take the trajectory r; to be a straight line

with constant velocity, and take the spin a; to be constant, under the integral.

Notice that we evaluate the Maxwell spinor at the shifted position 1 +ia; because

of the Newman—Janis shift property at the level of interactions.

To perform the integration we need the Maxwell spinor influencing the motion of
particle 1. This is the field of the second of our two particles. It is easy to obtain
this field — indeed, by the standard Newman-Janis shift of the field set up by
particle 2, we need only shift the Coulomb field of a point-like charge. The field
5 o e—zk.(x+ia2) B

o(x) = Qng/d4k o(k - ug)TaWk“ug . (6.75)
Note the explicit NJ shift by the spin ay: this is the shift of the background, in
contrast to the shift through a; of equation . Of course, there is a pleasing
symmetry between these shifts. Using the field in our expression for
the change in the spinors of particle 1, we arrive at an integral expression for the

spinor kick,

|Alp) =

iQ1Q- e AT . ¢~ ik (b+ia1+iaz) _ ,
20 RS )3 ) P L) (670
where b is the impact parameter. This expression contains complete information

about both the linear and angular impulses. For example, substituting into

4Notice that we are representing the impulses here as bispinors.
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equation (6.73) and applying (6.72)) we find that the angular impulse is

efil_c-(b+ia1 +iaz)

B
Adf =

@@ g, / AT SR - )3 (- ua)
1

m k2

X (ia1 cug k* — ik - ayub + e(k, ay, Ug)) . (6.77)

Spinorial equations of motion are also available for the leading order interactions

of Kerr moving in a gravitational background. They are

d 1 .
— |p1) = —uwu(r +ia) pr) ,
dt 2
(6.78)
Lipi) = —Sura,(r — ia)lp)
— = —= r—ia
dr br 2“ Wy pI|,
where the spin connection is written in terms of spinors:
W lp) = wuabaab D) (6.79)

Using these spinorial equations of motion and a brief calculation in exact
analogy with our v Kerr discussion above, it is remarkably straightforward to

recover the 1PM linear and angular impulse due to Kerr/Kerr scattering in

equation ({5.5)) [218].

In fact we can go further and consider the generalisation of Kerr with NUT charge,
corresponding in the stationary case to the exact Kerr-Taub-NUT solution. It
is known that NUT charge can be introduced by performing the gravitational
analogue of electric/magnetic duality [238]. Working at linearised level, this

deforms the linearised spinorial equation of motion to

d e~ u .
ar lpr) = — 5 U wy(r +1a) |p1) ,

g il (6.80)
E’pl] = ut'@, (r —ia)|pg]

where 6 is a magnetic angle. The particle described by these equations has mass
mcosf and NUT parameter msinf. Using these equations, and defining the

rapidity w by coshw = u; - ug, we find that the leading order impulse in a Kerr—
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Taub-NUT/Kerr-Taub-NUT scattering event is given by

N o efil_ﬂ-(b+ia1+ia2) 9o
Apt = —4nGmymy Re/d k(K - up)o(k - UQ)T&( 2=61)

x (i cosh 2w k* 4 2 coshw " (k, u1,uz)) , (6.81)

in agreement with a previous computation performed using scattering ampli-

tudes [133]. It is also straightforward to compute the angular impulse using these
methods; we find that

N L efiE~(b+ia1+ia2) 0o
A(Zl = 47TGTTL2 Re/d k’(S(k’ : Ul)(5<k : UQ)Tel( 2=01)
X ( cosh 2w € (k, uy, a1) — 2 coshw ul'e(k, uy, ug, a;) (6.82)
— 2iay - ug coshw k" + ik - a; (2 coshwuly — u“)) :
These results can be integrated by means of the generalisation of (5.56]),
e~ th-(btiar+iaz) _ i b 4 l1*, (ay + az)”

d*k 0 (k - up)o(k - ug) ————— k" =
/ ( 1) ( 2) k2 o /72_1 [b+iH(a1+a2)]2

where the projector I1#, was defined in equation (5.7)). A little algebra is enough
to see that, when the magnetic angles are zero, our results precisely match the
1PM impulses for spinning black holes in equation ([5.5)) — the observables for

Kerr-Taub-NUT scattering are simply phase rotations of their Kerr counterparts.

6.5 Discussion

The Newman—Janis shift is often dismissed as a trick, without any underlying
geometric justification. The central theme of this chapter is that we should rather
view Newman and Janis’s work as an important insight. The Kerr solution is
simpler than it first seems, and correspondingly the leading interactions of Kerr
are simpler than they might otherwise be. It seems appropriate to place the NJ
shift at the heart of our formalism for describing the dynamics of Kerr black

holes, thereby taking maximum advantage of this leading order simplicity.

Our spinorial approach to the classical dynamics of Kerr (and its electromagnetic
single-copy, v Kerr) makes it trivial to include the spin (to all orders in a)

in scattering processes. Computing the evolution of the spinors, rather than
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the momenta and spin separately, reduces the workload in performing these
computations, and is even more efficient in some examples than computing with
the help of scattering amplitudes. However, we only developed these equations
at leading order. At higher orders, spinor equations of motion will certainly exist

and be worthy of study.

We found that the effective action for Kerr has the surprising property that it can
be formulated in terms of a two-dimensional worldsheet integral instead of the
usual one-dimensional worldline effective theory. This remarkable fact provides
some kind of geometric basis for the Newman—Janis shift, where it emerges
using Stokes’s theorem. Our worldsheet actions contain terms integrated over
some boundaries, and other terms integrated over the “bulk” two-dimensional
worldsheet. This structure is also familiar from brane world scenarios, but is
obviously surprising in the context of Kerr black holes. In Minkowski space, this
worldsheet is embedded in a complexification of spacetime, in a manner somewhat
reminiscent of other work on complexified worldlines; see ref. [277], for example.
However, our worldsheet seems to be a bit of a different beast: it is not a complex

line, but rather a strip with two boundaries.

The worldsheet emerged in our work, built up from the physical boundary
worldline and geodesics in the direction of spin. This construction is very different
from the sigma models familiar from string theory. The dynamical variables in
our action are the “near” worldsheet coordinates, the spin, and body-fixed frame.
But perhaps these dynamical variables emerge from a geometric description more

reminiscent of the picture for strings.

It is remains to be seen whether the worldsheet structure persists when higher-
order operators, involving two or more powers of the Riemann curvature (or
electromagnetic field strength), are included. But we can certainly hope that
the surprising simplicity of Kerr persists to higher orders — the computation of
observables, at finite spin, from both loop-level amplitudes [132, 226-H228], 232] and
post-Minkowskian EFT methods [211] certainly indicates that further progress
can be made. The latter reference is particularly inspiring in this regard, due to
the fully covariant nature of the results. Meanwhile, precision calculations reliant
on the effective action in require including higher-dimension operators in
the action [205H207]. Tt would be particularly interesting to investigate the
symmetry structure of the Kerr worldsheet, with an eye towards placing symmetry

constraints on the tower of possible higher-dimension operators.
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Chapter 7

Conclusions

On-shell scattering amplitudes are the quantum backbone of particle physics.
Black holes are archetypes of classical general relativity. The central aim of this
thesis has been to show that despite the apparent dissimilarities, the two are
intimately connected. Furthermore, we have advocated that utilising purely on-

shell data offers a powerful window into black hole physics.

In the first part of the thesis we gathered the technology needed to compute on-
shell observables relevant for gravitational wave astronomy, basing our formalism
in the humble study of explicit single particle wavepackets. We introduced our
first scattering observable in chapter[3} the impulse, or total change in momentum
of a scattering point-particle. We constructed explicit expressions for the impulse,
valid in any quantum field theory, in terms of on-shell amplitudes. With our
explicit wavepackets we were able to rigorously determine the classical regime of
this observable in section encountering the Goldilocks inequalities, which we

showed held the key to calculating the classical limit of scattering amplitudes.

Armed with a full understanding of the classical limit, and in particular a practical
knowledge of crucial h factors, we were able to provide expressions for the
classical limit of the impulse observable. Explicit examples at LO and NLO
in section led to expressions which agree with classical worldline perturbation
theory — a highly non-trivial constraint. Beyond these orders the impulse does
not fully capture the dynamics of a spinless particle, due to the emission of
radiation. In chapter {4 we therefore included the total radiated momentum in
our formalism, eventually finding that for inelastic scattering, amplitudes, via

the radiation kernel [4.23] specify a point-particle’s classical worldline current
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(as first noted in ref. [123]). We showed the efficacy of the double copy for
computing this current, a fact that is crucial for gravitational wave astronomy.
We also showed that basing our treatment of radiation and the impulse in
quantum mechanics has the enormous advantage of ameliorating the conceptual
difficulties inherent in treatments of radiating point-particles in classical field
theory, explicitly recovering the LO predictions of the Abraham-Lorentz—Dirac

force in electrodynamics from amplitudes.

Although we only considered unbound (scattering) events, it is in fact possible
to determine the physics of bound states from our observables. This can be
done concretely using effective theories [47]. It should also be possible to connect
our observables more directly to bound states using analytic continuation, in a
manner similar to the work of Kélin and Porto [70, [71]. As in any application
of traditional scattering amplitudes, however, time-dependent phenomena are
not readily accessible. This reflects the fact that amplitudes are the matrix
elements of a time evolution operator from the far past to the far future. For a
direct application of our methods to the time-dependent gravitational waveform,
we must overcome this limitation. One possible path of future investigation
for upgrading the formalism presented here would start from the fact that the
observables we have discussed are essentially expectation values. They are
therefore most naturally discussed using the time-dependent in-in formalism,
which has a well-known Schwinger—Keldysh diagrammatic formulation. Whether

the double copy applies in this context remains to be explored.

The double copy offers an avenue, rooted in scattering amplitudes, to simpler
calculations in gravity. Amplitudes methods are also especially potent when
applied to the physics of spin, motivating the focus of the second part of the
thesis. For a spinning body the impulse and radiation are not enough to uniquely
specify the dynamics of a scattering event for two bodies with unaligned spins. For
a black hole, uniquely constrained by the no-hair theorem, the full data is gained
from knowledge of the angular impulse, or change in the spin vector. Rooting
our intuition once again in the physics of single particle states, we identified
the Pauli-Lubanski operator as the crucial quantum actor corresponding to the
classical spin vector. We used this operator to obtain explicit expressions for
the LO angular impulse in terms of amplitudes, finding notably more complex
expressions than for the momentum impulse. We did not consider the higher
order corrections, but they are very similar to those of the colour impulse in

ref. [2] — these would be necessary to access the results of [211], for example.
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By carefully studying the classical limit of amplitudes for finite spin, and
computing the momentum and angular impulses, we were able to precisely
reproduce the leading spin, 1PM scattering data for Kerr black holes. The
complete, all-spin classical expressions, , can be calculated from amplitudes
by applying our methods to massive spinor helicity representations in the large
spin limit [128]. These results are one artefact of a beautiful relationship between
black holes and amplitudes: minimally coupled graviton amplitudes are the on-
shell avatar of the no-hair theorem [221], 227]. This provocative idea can provide
non-geometric insights into intriguing results in general relativity, such as the
Newman—Janis complex map between the Schwarzschild and Kerr solutions,
which is naturally explained by the exponentiation of the minimally coupled

3—point amplitude in the large spin limit [129].

We extended this on-shell insight into black hole physics in chapter [6] where
we showed that the Newman—Janis shift could be interpreted in terms of a
worldsheet effective action. This holds both in gravity, and for the single-copy
vKerr solution in electrodynamics. Moreover, at the level of equations of motion
we showed that the NJ shift holds also for the leading interactions of the Kerr
black hole. These leading interactions were conveniently described using chiral
classical equations of motion with the help of the spinor-helicity method familiar
from scattering amplitudes. These spinor equations of motion are extremely
powerful tools — they offered remarkably efficient derivations of the on-shell
observables calculated from amplitudes earlier in the thesis, encapsulating the full
on-shell data for non-aligned black hole scattering in the kick of the holomorphic
spinor. It was also a trivial matter to extend the scope of this technology to the
magnetically charged Kerr-Taub-NUT black hole, facilitating the first calculation
of the angular impulse for this solution. It would be interesting to see if our
methods can be generalised to include the full family of parameters of the famous
Plebanski-Demianski family [278] 279].

The full geometry of our worldsheet remains to be explored, in particular
its applicability when higher-order curvature terms are accounted for. Such
corrections are crucial for the extending the power of the chiral spinor equations.
A major motivation for tackling this problem comes from an obstacle towards
progress in amplitudes computations of importance for gravitational wave
astronomy: a well defined, tree-level expression for the four-point Compton
amplitude, valid for any generic spin s, is not known. Application of BCFW

recursion with arbitrary spin representations leads to spurious poles [223] 230];
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these poles can only be removed by hand ambiguously [227]. As we have seen in
chapter [3 triangle diagrams play a crucial role in the computation of either the
NLO impulse or potential. The Compton amplitude is a key component to the
computation of these topologies using generalised unitarity, and thus progress
in computing precision post—Minkowksian corrections for particles with spin is

impeded by a crucial tree-level input into the calculation.

The all-spin Compton amplitude should have a well defined, unambiguous
classical limit. Physically the amplitude corresponds to absorption and re-
emission of a messenger boson, a problem which is tractable in classical field
theory. Our worldsheet construction shows that the Newman-Janis shift holds
for the leading interactions of Kerr black holes, and thus the results of chapter [0]
should offer a convenient way to approach this problem, provided that higher
order contributions can be included. We hope that, in this manner, our work will
be only the beginning of a programme to exploit the Newman—Janis structure of

Kerr black holes to simplify their dynamics.
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Appendix A

Wavefunction integrals

In this appendix we detail the evaluation of the explicit momentum space
wavefunction integrals that played a key role in our disccussion of the classical
limit in chapters [2] and [3]

We begin with the single particle momentum space wavefunction normalisation
in equation (2.43)). To determine this we must compute the following integral:

m—2/dq>(p) exp [—219'“} . (A1)

mg

Let us parametrise the on-shell phase space in a similar manner to equation (3.30)),

but appropriate for timelike momenta, writing

P =E, (Cosh (, sinh ( sin 6 cos ¢, sinh ¢ sin 8 sin ¢, sinh ¢ cos 9) (A.2)
so that
dd(p) = (21) 3dE,d(d 0(E2 — m?)O(E,) E? sinh? ¢ (A3)
= (21)*dE,d(dfd¢ 6 (B2 — m*)O(E,) E2 sinh® ¢ sin . '
Performing the E, integration, we obtain
dd(p) — b sinh?C sin § (A.4)
DI 5 on)s ’ ’

along with E, = m in the integrand. The integral must be a Lorentz-invariant

function of u; as the only available Lorentz invariant is u? = 1, we conclude that
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the result must be a function of £ alone. We can compute it in the rest frame of

u, where our desired integral is

1/°OA o [T, . 2 cosh ¢ 1
— [ d¢ sinh C/ df sin 0/ d¢ exp [— =

2.Jo 0 0 3 2(2m)

where K is a modified Bessel function of the second kind. The normalisation

condition (2.19)) then yields

26 K1(2/6),  (A9)

2\/§7r
12k, (2/¢€)

for the wavefunction’s normalisation.

(A.6)

Next, we compute (p*). Lorentz invariance implies that the expectation value

must be proportional to u*; again computing in the rest frame, we find that

W) = mut e

2

The phase-space measure fixes (p*) = m?, so we conclude that

)W K3/

(p?) ) K2/ (A.8)
= 26+ 0@,

where as & — 0 we have used the asymptotic approximations

K20 =T e [2] (1+ % + o),
K5(2/€) = \/? exp {—ﬂ (1 + % + 0(52)) :

For the single particle case it remains to compute the double expectation value
in equation ([2.49). We can again apply Lorentz invariance, which dictates that

(p'p”) = Autu” + Bn". (A.10)

Contracting with the velocity leads to

mé Ki1(2/€) 7

where we used the result in equation (|A.5). Combining this constraint with the

A+B= %/d@(p) (u-p)? exp {— 2u 'p} =m?+ ;mszQQ/g) (A.11)
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trace of (A.10) is then enough to determine the coefficients as

Ki1(2/¢) 2 " K1(2/€)
yielding the result in equation ([2.49)).
Our discussion of point-particle scattering in section hinged upon the integral

} /d(b(p) 0(2p - G/m + ha/m) eXp{_QZJ

] . (A13)

T(q) N p[—hq'u

= s mé

This integral is dimensionless, and can depend only on two Lorentz invariants, ¢-u
and @2, along with £. It is convenient to write it as a function of two dimensionless

variables built out of these invariants,

:

q.u h _q_2
s T

. (A.14)

€
Il

_ 2m

7

We again work in the rest frame of u*, and without loss of generality, choose the
z-axis of the p integration to lie along the direction of g. The only components
that appear in the integral are then ¢° and ¢*; after integration, we can obtain

the dependence on 7 and w via the replacements

2 2my/1 2
# = mwT’ 7 - mv1+w 7'; (A.15)
h h
hence,
- 4m?27?
—q — = (A.16)

Using the measure (A.4), we find that

- 1 hi°
D = o gmemi@e P [_m_ﬁ}

© ™ 27
X/O dg Siﬂh2€/0 df sin 9/0 d¢ exp {—2(30;}%} (A.17)

x 6(2¢° cosh ¢ — 2@ sinh ¢ cos 0 + hg?/m) .
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The ¢ integral is trivial, and we can use the delta function to do the # integral:
1 hqo] / o [ cosh ¢ }
- exp|——— d¢ sinh ( exp|—2
2hm @ €K1 (2/€) ‘{ me] Jo ;
X @( + " coth ¢ /@ + hg*cosech ¢/ (2m ) (A.18)
x@(l—q coth (/@ — hq*cosech (/(2m )

T1((7) =

In the A — 0 limit, the first theta function will have no effect, even with ¢* < 0.
Changing variables to w = cosh(, the second theta function will impose the

constraint

~Z _ h272 2 -0

\/—_62 2m

In terms of w and 7, this constraint is

w>V14+ w1+ 72— wr. (A.20)

Up to corrections of O(h), the right-hand side is greater than 1, and so becomes

the lower limit of integration. The result for the integral is then

1 o {_2w7}
8m?2v/1 + w?t K1(2/€) P 3
2
Xexp{—g<\/1+w2\/1+72—w7>}

T(q) =

(A.21)

1
4l /(G - u)? — @ K (2/€)
X ex _g (q U)2 - q72 - 22 m2
p{ 5—' N V11— B2/ (4 )},

which is the result listed in equation (|3.25]).
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Appendix B

Worldline perturbation theory

Throughout part Il we computed on-shell classical observables from scattering
amplitudes. We justified our results by their agreement with iterative solutions
to the appropriate classical equations of motion, as shown in detail in refs. [}
2]. To provide a flavour of these methods, let us calculate the LO current
for gravitational radiation due to the electromagnetic scattering of Reissner—

Nordstrom black holes, which we studied using the double copy in section 4.4.1

Classically, the emitted gravitational radiation will satisfy the linearised Einstein—
Maxwell field equation, which for the trace-reversed perturbation in de-Donder
gauge is

K 5 y
=3 (T4 () + Ty (2)) - (B.1)
The electromagnetic field strength tensor TEVM is that in equation (4.30)), while

in gravity

O*hH (z) = T (z)

s " dTe 5
Ty (a) = 3 ma [ R ub(ru() 6Pz = 2a(r) (B.2)
a=1
for n particles, where g = — det(g,,). We are seeking perturbative solutions, and

therefore expand worldline quantities in the coupling:

2 (T0) = U + T + AWk (1,) + APzt (7,) 4+,

(B.3)
V(7)) = g + AV (1) + APV (7,) 4 -

Here AWz will indicate quantities entering at O(§*), for couplings § = e or
k/2. We also work with boundary conditions z#(7, — —o0) = bt + ukT1,, so

Vi (1, = —00) = ul. At leading order we can treat the contributions to the field
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equation separately, splitting the problem into gravitational radiation sourced by

either the particle worldlines or the electromagnetic field.

Of course we are interested in electromagnetic interactions of two particles, and
thus require the leading order solution to the Maxwell equation in Lorenz gauge,
O*Ar(z) = eJt (x), where the (colour-dressed) current appears in (2.21d) This is
a very simple calculation, and once quickly finds that the field sourced by particle
2, say, is

Féw(l.) = ze/cZ QS( ) b2 o —iq- x%) (B4)

see [I] for details. The key point is that we can now obtain the leading deflections
simply by solving the classical equation of motion, the Lorentz force, which yields

dAMY e T

- /dq5(Uz q)e T
1

dr m

(q“ uy - Uy — ub uyg - (j) . (B.5)

We now have all the data required to determine the full LO gravitational current.

Focusing on the radiation sourced from the point-particle worldlines, we can
expand (B.2)) to find

w7 4 . i(k—1)b1 30y )
y = —q)- q - _— . kY
Tpp,(l)(k) - /d qé((k q) - u1)d(q Uz) 2@ w) [ul Uz G Uy
1 k v 1-
Ttz LA G-y uluy) + k U ulul} + (1< 2). (B.6)
q-uy

It is then convenient to relabel § = w5, and introduce a new momentum w; =
k — w,. In these variables, the analogous contribution from the EM stress tensor
in (B.4) to the gravitational radiation is
o 4 N . e’i'lf}l-b1 eiﬁ]zbz o ~
Ts;,(l) (IE) = —62/d U_)ld U_)Q 5(?1_)1 . U1>(5(U_]2 . UQ)Weil(erm).x

X |:2’U_)1 *U9g ui“u_);) — Wy - Wo ’U/TJ’U/Z — U1 * U2 wiL’U_)ZQ/ + (1 A 2):| . (B?)

Summing the two pieces and restoring classical momenta p, = myu, yields

2

T('L;I)jug') = —% d wld U)Q (5(11_}1 . pl)g(lﬂg . p2)5(4)<l;3 — zI;l — U_)Q) 6iwl.b1€im2.b2
M PV Pﬂ I v Pu P
{Qm 2_;_ 2212 12 + (pl 'p2) ( _QQ;Q _ 1; }2 2):| ’ (BS)
Wwyw; Wyws; (k- p1)?(k - p2)

where we have adopted the gauge invariant functions defined in (4.58]). Upon
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contraction with a graviton field strength tensor this current then agrees (for
by = 0, and up to an overall sign) with equation (4.60]), the LO gravitational

radiation kernel for electromagnetic scattering of Reissner—Nordstrom black holes.
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