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—Ya os he dicho, amigo —replicd el cura—, que esto se hace para
entretener nuestros ociosos pensamientos; asi como se consiente
en las republicas bien concertadas que haya juegos de ajedrez, de
pelota y de trucos, para entretener a algunos que ni tienen, ni
deben, ni pueden trabajar, asi se consiente imprimir y que haya
tales libros, creyendo, como es verdad, que no ha de haber alguno
tan ignorante que tenga por historia verdadera ninguna destos li-

bros.

— Miguel de Cervantes Saavedra, Don Quijote

—I have told you, friend —said the curate— that this is done to
divert our idle thoughts; and as in well-ordered states games of
chess, fives, and billiards are allowed for the diversion of those
who do mot care, or are not obliged, or are unable to work, so
books of this kind are allowed to be printed, on the supposition
that, what indeed is the truth, there can be nobody so ignorant as

to take any of them for true stories.

— Miguel de Cervantes Saavedra, Don Quizote
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Abstract

For many years, the study of gravitational scattering amplitudes remained a challeng-
ing task, due to the inadequacy of traditional quantum field theoretic methods to deal
with the increasing complexity of graviton interactions. The relatively low experimen-
tal interest also hindered progress in the field. This paradigm changed drastically with
the discovery of the double copy and the detection of gravitational waves. The dou-
ble copy made the calculation of gravity amplitudes much more efficient, by rendering
them as the ‘square’ of gauge theory amplitudes. In its simplest form, it relates ampli-
tudes from Yang-Mills theory to amplitudes in NS-NS gravity, but the map has been
extended to numerous other theories. The main topic of this thesis is the classical
implications of the double copy. We show how the double copy relations for three-
point amplitudes generate ‘squaring’ relations for classical solutions. This provides a
quantum explanation for some classical double copy relations previously known in the
literature and identifies the properties that make them local in position space. Two of
these known maps, the Weyl and Kerr-Schild double copies, will be studied in detail.
We extend the Weyl double copy to non-twisting type N solutions and explore how
symmetries in electromagnetism map to gravity. Finally, the Kerr-Schild double copy
will allow us to formulate an exact double copy relation between point particle solutions

in electromagnetism and NS-NS gravity.
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Chapter 1

Introduction

The field of scattering amplitudes has become one of the most active subjects in theoret-
ical physics. This success came as spinor-helicity and on-shell techniques unveiled con-
strained mathematical structures, drastically reducing the computational work needed
by traditional diagrammatic approaches. Examples of modern on-shell methods are
the BCFW recursion relations [7] and generalised unitarity [8,9], which provide a sys-
tematic way to cut the amplitudes down to their simplest components. Much of this
progress was driven by the demand for high precision calculations in gauge theory by
particle collider experiments.

Although on-shell techniques were also applicable to gravity theories, they were
more computationally challenging and lacked experiential motivation. This paradigm
changed with the discovery of the colour-kinematics duality and the double copy by
Bern, Carrasco and Johansson (BCJ) [10,11]. They showed that the kinematic factors
of gauge theory amplitudes could be put in a form that satisfies certain algebra-like
relations, in analogy with the colour factors. Amplitudes in this form can then be
‘double copied’ into gravity amplitudes by replacing the colour factors with another set
of kinematic factors. The significance of this discovery arises from the simplification
that comes with computing gravitational amplitudes from (much simpler) gauge theory
amplitudes.

The tree-level relations generated by the BCJ double copy prescription were already
known from string theory. Kawai, Lewellen and Tye (KLT) discovered that tree-level
bosonic closed-string amplitudes could be written as sums of products of tree-level
bosonic open-string amplitudes [12]. More recently, the scattering equation approach
to scattering amplitudes developed by Cachazo, He and Yuang (CHY) has provided
another formalism to make the double copy manifest [13,14]. In this prescription,
the Parke-Taylor factor of the CHY integrand is replaced with another copy of the
numerator. Although this formulation is often more versatile than the BCJ one, it
harder to implement at higher loops. The different formulations of the double copy

and their vast applications have been recently reviewed in [15-17].
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Despite the progress, some of the central concepts of the double copy remain elusive.
Perhaps one of the most prominent missing pieces is the nature the kinematic algebra.
Its understanding would put colour and kinematics really on the same footing, making
the calculation of numerators much simpler. There has been some progress in this
direction [18,19], and it is well understood in special cases, like in self-dual gravity and
gauge theory [20,21]. The self-dual theories also exhibit rather explicit double copy
structures at the level of covariant actions [22].

Since its discovery, the concept of the double copy has been expanded to apply
beyond gauge and gravity amplitudes. We now know that there is a rich web of the-
ories that are related by double copy relations. Also, there are examples of double
copy relations at the level of classical solutions and Lagrangians [23-26]. Therefore,
we can define the double copy as the concept of obtaining amplitudes (or amplitude-
constructible objects) of one theory by combining the kinematic degrees of freedom of
two other theories. For a review on the web of theories related by the double copy, see
[15].

The discovery of the double copy came at a time when some of the attention was
shifting from particle collider experiments to gravitational wave detectors. The de-
tection of gravitational waves [27] created the need for cost-efficient methods to com-
pute template waveforms of gravitational radiation from binary mergers. The precise
perturbative tools of the amplitudes programme are well suited for this task [28-64]
and can be used to compute interaction potentials [28-30], or more general effective
Lagrangians [31-34], which are relevant to compact binary coalescences. In scatter-
ing systems, amplitudes can be used rather directly to evaluate observables of inter-
est [44-46,65-67], and at least some of these observables may then be analytically
continued to the bound regime [52-54, 68].

In these approaches, part of the effort goes into extracting the classical informa-
tion from the quantum amplitudes. To improve this process, it would be desirable to
understand how the double copy manifests itself from a purely classical perspective.
One approach, called classical double copy is to search for relations between classical
solutions of the equations of motion in gauge theory and gravity. The implementa-
tion of these relations is often perturbative, including the first approaches [20,31,69],
constructions based on the local symmetries [70-75], use of the worldline formalism
[39, 76-84], and perturbation theory on curved backgrounds [85,86]. A double copy
for classical observables (rather than solutions to the equations of motion) that follows
more directly from that of scattering amplitudes has been explored with a view to
gravitational phenomenology [28,33,34,36,43-45,51,52,65,87-93], a subject of obvious
interest for gravitational waves astronomy. For other recent alternative approaches see
[94-96]

The perturbative nature of these formulations is expected, given the amplitudes
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origin of the double copy. However, there are also known examples where the classical
double copy applies exactly. The first of them to be discovered was the Kerr-Schild
double copy, which maps stationary Kerr-Schild metrics to solutions of the Maxwell
equations [97].! The Schwarzschild solution maps to the Coulomb solution, establishing
a relation between the simplest point particle configurations in general relativity and
electromagnetism. Some years later, another exact classical double copy, the Weyl
double copy, was discovered to apply to all vacuum type D spacetimes [99], by rendering
the Weyl spinor as the ‘square’ of a Maxwell spinor. This map was later extended to
non-twisting type N solutions [4] and linearly to more algebraically general spacetimes
using twistors [100-102].

The existence of exact local classical double copies in position space is striking.
Generically, we would expect the amplitudes double copy to generate local perturbative
relations in momentum space. But in position space, the momentum space products
would turn into convolutions (which motivated the convolution double copy [70,74,75,
103-105]). Moreover, although there is evidence that the classical double copy maps
are a consequence of the original BCJ double copy, there has been no direct proof of
their equivalence [3,5,37,39,73,88,90,106-108].

The first half of this thesis clarifies some of these questions, following [1,3]. The key
point is the use of 3-point amplitudes to generate the linearised classical field configu-
rations of static point particles in gauge theory and gravity. Then, we show that the
double copy relations of the amplitudes directly imply relations for the classical fields.
These classical double copy relations are naturally formulated in terms of momentum
space spinors. In position space, they involve convolutions and match the convolu-
tional double copy of [70,74,75,103-105]. Moreover, in some cases these convolutions
factorise, yielding known Weyl and Kerr-Schild double copy relations, which can be
promoted to exact statements. This is possible thanks to a property of the scalar po-
tential which is linked to the point-particle nature of the problem. As a result, we prove
that the classical double copy relations for the Kerr-Taub-NUT family follow from the
amplitudes double copy of 3-point amplitudes. Our analysis also indicates that a local
position space exact double copy might not be always possible.

The domain of applicability of the exact double copy prescriptions is interesting both
from the point of view of scattering amplitudes and general relativity. In the second
half of the thesis, we will show that non-twisting type N solutions with vanishing
twist present exact Weyl double copy relations [4]. A technical limitation of some

of the classical notions of the double copy is that they can not accommodate the

! Some caution is required when referring to classical double copy prescriptions. Despite being called
double copies, they often work best as single-copy procedures. That is, extracting two copies of a gauge
theory solution from a gravity solution. This is particularly limiting in the Kerr-Schild prescription,
where the relation only works for specific choices of gauge. Also, not all gauge theories solutions can
double copy in this manner. The necessary conditions for a Maxwell solution to constitute the single
copy of a Kerr-Schild metrics are known in four dimensions [98].
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dilaton and axion fields present in the quantum formulation. To overcome this, we
generalise the Kerr-Schild double copy in the context of Double Field Theory (DFT) to
implement the complete and exact double copy of the Coulomb potential [5]. The result,
which was hinted at linearised level by the 3-point amplitudes and other perturbative
methods [39,73,106], is the spherically symmetric Einstein-dilaton solution found by
Janis, Newman and Winicour (JNW) [109].2

The remainder of this introduction will be devoted to reviewing some topics that

will be needed for the main chapters of this thesis.

1.1 Colour-kinematics and the double copy

The colour-kinematics duality and the double copy were perhaps two of the most re-
markable surprises in theoretical physics in recent times. This section will review its
origins, which date back to the eighties, and equip the reader with the necessary back-
ground for the following chapters. But before we start, it is worth pausing to properly
motivate why a duality between gauge theory and gravity is such an outstanding and
desirable resource.

Let us start from the simplest gauge theory, pure Yang-Mills (YM):
1 d 1%
S = ~1 d%c Tr(F*E,,) . (1.1)
The field strength tensor is defined in terms of the gauge potential A, as
Ff, =0, AL — 0, A% + g f** A A5 (1.2)

where g is the coupling constant and ¢ the structure constants of the gauge algebra.

Using standard quantum field theory, one can read off the Feynman rules

2 Although this solution is often called JNW, it was first discovered by Fisher [110] and then inde-
pendently rediscovered by Janis—Newman—Winicour [109] and Wyman [111].
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~ g forexes [nul/(pl - pQ)p + cyclic]

2,v
]-a K 4’ g
~ 92 [fa1a2bfa3a4b(77up77ua — 77ua77Vp)
+fala3bfa2a4b(nw/np0 — 77“077”/))
2, v 37 P +fa1a4bfa2a3b(nuy77pa - 77#,0771/0)} )

where we have chosen Feynman gauge. We are using a mostly-plus signature for the
Minkowski metric 7,,. These compact rules are all the information needed to write
any Feynman diagram integrand in YM theory.

The simplicity of the YM Feynman rules contrasts with the infinite list of vertices

in gravity. To illustrate this complexity, consider the Einstein-Hilbert Lagrangian

1
= a4 R 1.
S 167 Gy / v ‘g‘ ’ ( 3)

which describes the dynamics of pure Einstein gravity, G being Newton’s constant.
In the weak-field limit, we can expand the metric as a perturbation around Minkowski,
9uv = M + K hyy, where k is the gravitational coupling constant, which is related to
Newton’s constant via xk? = 327 Gy. Now, in contrast to YM, (1.3) contains vertices
with arbitrarily many external legs. Another difference is that the presence of two
indices implies that the structure of the individual vertices is much more elaborate. In

de Donder gauge, the 3-point vertex was famously derived by DeWitt [112]

L pp
3,07

. 1 1
~ ik Sym| — §P3 (P1 - P2MpMoANor) — §P6 (PLPIATupNoT)

1
2, U\ + 5P (p1 - p2nuwipatior) + Ps (P1 - p2tuptivating)
, UV

+2P3 (plllpl‘rnupn)\a) —P3 (plApQ;ﬂ]pz/r/aT)
+ P3 (p1op2rMuwnpr) + Po (P1oP1-MuwMp))
+2Fs (prpQTn)\anO') + 2P (plyp2,u77)\an7—p)

—2P3 (p1 : p277p1/77)\0777u) )



CHAPTER 1. INTRODUCTION 13

where the operator Sym symmetrises in each pair of graviton indices (u, p), (v, A) and
(1,0). The operator P; symmetrises over legs, generating i terms. The complexity
of this expression compared to the YM vertex is evident. Even more so when the
symmetrisations are done explicitly, resulting in an explosion of terms.

The simple comparison between the Feynman rules of YM and Einstein gravity is
enough to show how the diagrammatic expansion, which is tractable at lower orders
in YM, becomes practically unapproachable in gravity. This is symptomatic of an
apparent leap in complexity from gauge theory to gravity. However, something striking
happens when all the redundant (gauge) information is removed from the graviton
vertex. If we assume that the legs are on-shell physical states with polarisation matrices
satisfying®

pipet =0, M=o, <, =0, (1.4)

i 3
the vertex simplifies to

L, pp
3,07

~ —iK|(p1 — DP2)oNuw + cyclic] [(m — P2)rNpx + cyclic} )

2, VA

The similarities with the YM vertex are striking. Up to constant factors, the on-shell
3-point graviton vertex resembles a gluon vertex where the structure constants have
been replaced by another factor of the kinematic variables. The lesson to learn is that
taking all off-shell information from gravity might expose structures similar to the ones
found in gauge theory. Although the 3-point case is very constrained by symmetries,
this simple example motivates hopes for a more general and rigorous relationship. We
will now review the steps that were taken in that direction, starting from the KLT

relations in string theory and concluding with the BCJ formulation of the double copy.

1.1.1 Once upon a time in string theory

The first evidence of a hidden relation between gravitational and gauge theory am-
plitudes appeared in the context of string theory. Kawai, Lewellen and Tye (KLT)
discovered in 1986 that any closed string tree amplitude can be written as the sum
of products of two open string tree amplitudes [12]. Instead of reviewing the general
proof, let us illustrate the KLT relations with a simple four-point example.

In a closed string tree amplitude, the external states are represented by operator
insertions on a Riemann sphere. The worldsheet SL(2,C) symmetry allows us to fix

the location of three of the insertions. The location of the remaining insertion must

? We use standard (anti)symmetrisation conventions, e.g. Fj,,) = & (Fuw — Fuu).
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be integrated over the Riemann sphere. In bosonic string theory, the simplest case
is when all four operator insertions are tachyon states. The result is the celebrated

Virasoro-Shapiro amplitude M(s, ¢, u) which is, up to overall constant factors [113],

N(—1-ds)T (-1 —-at)T(—1 — d'u)

M) ~ e T TR + o) T2 + o)

(1.5)

!
closed

/

_ /
=40, where o 4

We have chosen the closed string Regge slope normalisation «

is the closed string inverse tension. The Mandelstam variables have been defined as

s=—(p1+p2)?, t=—(p1+ps)?, u=—(p1+p3). (1.6)

The open string counterpart is the Veneziano amplitude, where the open string
tachyon insertions are located at the boundary of a disk. As in the closed string
case, we can fix the location of three of the insertions based on symmetry grounds.
However, now the insertions have a well-defined ordering which must be taken into
account when fixing the insertions and integrating over the remaining variable. As a
result, the complete amplitude is the sum over inequivalent orderings. For the ordering

cyclic(1,2,3,4), the partial amplitude is

I'(—1—da's)T(—1—a't)

A(s,t) ~ 1.7
with ag,e, = @’. The normalisation convention has been chosen such that
9 4
s+t+u=4m°=—— (1.8)
e
both for the open and closed string tachyons.
There is a simple relation between (1.5) and (1.7). Using the identity
sin(7 a)
Ia)T(1—a)= ) (1.9)
T

it is not hard to show that the Virasoro-Shapiro amplitude can be written as the product
of two — differently ordered — Veneziano amplitudes,

sin(m o’ s)
/

M(s, t,u) = A(s,t) A(s,u) . (1.10)

yyes

In fact, it was shown that similar expressions hold for all higher-point tree amplitudes
and all string modes [12].

In particular, the massless modes of the closed string amplitude are a graviton,
dilaton ¢ and a two-form B-field (or Kalb-Ramond field, dual to a scalar axion in four

dimensions). At low energies, the string length approaches zero (o’ — 0) and string
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2 3 2 3 2 \ 3
Figure 1.1: Three of the four Feynman diagrams contributing to the YM tree-level 4-point

amplitude. The diagrams correspond to the s, t and u channels respectively. The remaining
diagram is the contact term generated by the 4-point vertex.

theory approaches quantum field theory. In this limit, the effective dynamics of the

massless modes is captured by the Einstein frame action [114,115]

2

2 d 452 K _8no ”
S = f<;2/d /9| (R— i 2v#¢vu¢_ 3¢ a2 H,,,H" p) : (1.11)

where H = dB. This gravitational theory is often referred to as NS-NS gravity or N’ = 0
supergravity. Similarly, the o/ — 0 limit of the bosonic open string massless modes is
pure Yang-Mills (1.1) [116]. Consequently, the generalisation of (1.10) implies a relation

between tree-level gravity amplitudes and colour-ordered Yang-Mills amplitudes,
2
M{e(1,2,3,4) = <g> s A™0(1,2,3,4) A™*(1,2,4,3) . (1.12)

Although this is a 4-point example of a field theory KLT relation, they can be gener-
alised to arbitrarily many external legs. The main limitation of the KLT relations is
that they do not extend to loop level. In order to achieve a loop level gauge-gravity
amplitude relation, first we will understand how the tree-level KLT relations arise from

the point of view of quantum field theory.

1.1.2 A tree level example

Although the KLT relations were first discovered in the context of string theory, they
can also be derived using quantum field theory methods alone, as it was done for the
3-point vertex at the beginning of the section. The derivation of the 4-point relation
(1.12) from quantum field theory will provide more insights for the general double copy.

In QFT, the tree-level 4-point amplitude in YM can be computed easily using the
Feynman rules given at the beginning of the section. One needs to consider only four
diagrams; the three two-vertex diagrams of figure 1.1 plus the contact term of the

four-point vertex. The contribution of the s-channel diagram to the amplitude is

o falazbfa3a4b i ) i ) )
it (e ) b+ 20 )k — (16 2)

[(e3-4) p3pu+2(e3 - pa)eay — (3 & 4)]
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where we have used the on-shell conditions p? = 0 and the gauge choice ;- p; = 0. The
t and u channels can be obtained by applying the leg permutations 1 - 2 — 3 — 1
and 1 = 3 — 2 — 1 respectively.

The contact term yields

>< ~ —ig? [cs ((e1-e3)(e2-€4) — (1 -€4)(e2 - €3))

+cr ((e1-e2)(e3 - €a) — (61 - €3)(e2 - €4))
+ ¢y ((61 -€4)(e2-€3) — (e1-€2)(e3 - 64))

where we have defined the colour factors
Cs = falagb fa3a4b ’ cr = fa1a4b fazagb ’ Cy = _falagb fa2a4b ) (113)

Notice that the three colour factors are related by the Jacobi identity of the gauge
algebra
cs+ e+ ey = falazb fa3a4b + fa2a3b fa1a4b + fagalb fa2a4b =0. (114)

Adding all the contributions and collecting the terms with the same colour factors,

the complete 4-point tree amplitude can be written as

csM cng  cyn

z‘Afee:f(S i “) . (1.15)
S t U

The coefficients n; are called kinematic factors, in analogy with the colour factors, be-

cause they contain the kinematic information of each channel. The s-channel kinematic

factor is

ns = [(e1-e2) Pi +2(e1 - p2)ely — (1 ¢ 2)][(e3 - €4) p3pu + 2(e3 - Pa)eap — (3 <> 4)]
—s((e1-e3)(e2-€4) — (e1-€4)(e2 - €3)) ,
(1.16)
and the remaining kinematic factors can be again obtained by the permutations 1 —
2 — 3 — 1 for the t—channel and 1 — 3 — 2 — 1 for the u-channel. Remarkably, this

set of numerator factors has the striking property of exhibiting a Jacobi-like relation
ng+mng+mn, =0. (1.17)

Notice that there is no a priori reason for this to be the case. This apparent coincidence
constitutes a hint of a duality between colour and kinematics. As we shall see, this
duality is the ingredient we need to transform a gauge theory amplitude into a gravity
amplitude. Intuitively, one needs to relate a gauge field, which has a colour index
and a rank-one polarisation vector, to a graviton field with a rank-two polarisation

matrix and no colour indices. The existence of a colour-kinematics duality suggests that
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colour factors can be replaced by kinematic factors, effectively replacing a colour index

with another kinematic index. This argument motivates us to consider the tentative

Z-Mflree — (E)Z (Tl,g + TL% + ni) . (1.18)
S u

amplitude

2 t

Now, all the numerators have exactly two powers of every polarisation vector. Hence,
we can promote the polarisation vectors to traceless polarisation matrices for graviton
states: el'e? — &'V, However, for this to be a valid on-shell gravitational amplitude, it
must be gauge invariant.

In gauge theory, gauge invariance implies that amplitudes must remain be unchanged
under g; — ¢; + p;. In (1.15), only the kinematic factors transform non-trivially.
Without loss of generality, we decide to apply the gauge transformation to the fourth
leg, €4 — €4 + p4,

ns — ns + s[(e1 - €2)(e3 - p1 — €3 - p2) + cyclic(1, 2, 3)]

(1.19)
=ns+sa(l,2,3) .

The kinematic function «(1,2,3) is invariant under cyclic permutations of (1,2,3).

Hence, applying the gauge transformation to (1.15),

SAY = g% (csa(1,2,3) + ca(2,3,1) + ¢y (3,1,2)) = (s + & + cu) a(1,2,3) =0,
(1.20)
which vanishes due to the Jacobi identity (1.14), indicating that the amplitude is indeed
gauge invariant.
We can now check the gauge invariance of (1.18). In linearised general relativity, a

linearised diffeomorphism & transforms the graviton field as
hyw = hyw + 046 + 00 (1.21)
which implies that the polarisation tensor transforms according to
Eipy = Cigw + EiuDiv +EivDip - (1.22)
When this transformation is applied to the fourth external leg of (1.18), the result is
i M — i M — 2(ng 4+ ng +ny) 1,2,3) . (1.23)

Consequently, (1.18) is gauge invariant provided that the kinematic Jacobi identity
(1.17) is satisfied.

The map that we have obtained from doubling the kinematic factors is equivalent
to the KLT relation that we obtained from the string amplitudes. In fact, (1.18) is
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equivalent to (1.12). To prove it, first we need to compute the colour-ordered YM
amplitudes.
The identification of colour-ordered partial amplitudes relies on the decomposition

of the colour factors in terms of single traces of gauge algebra generators.? For example,
cs = fore2b fasab o Ty ([T, T] [T, 7)) (1.24)
which can be expanded as

Tr ([T, T%] [T%, T™]) = Te(T T% T% T%) — Te(T® T T T9)

(1.25)
— T(T% T T% T%) 4 Ty (T T T% T%) .

Similar expansions can be obtained for ¢; and c¢,. Then, the full amplitude takes the

form
Atree — 92( Te(T™ T T% T) A"°°(1, 2, 3,4) + perms of (2,3,4)> , (1.26)
where
Alree(] 9.3 4) = 2 % (1.27)
s

is the colour-ordered partial amplitude with cyclic ordering (1,2,3,4). To obtain the
cyclic ordering (1, 2,4, 3) we apply the permutation 1 — 3 — 2 — 1. This permutation

transforms ng — ny, Ny — ng, s — u and t — s, resulting in the partial amplitude

n n
ATee(1,2,4,3) = — — 2. 1.28

(12,43="2 " (1.28)

These two partial amplitudes are the ingredients needed on the right side of (1.12),

which then equals to

Atee(1,2.3,4) Ae(1,2,4,3) = (Ti — @> (E — ﬂ)
S t U S
Ny nf? NNy NN
 su 52 tu st

The identity (1.17) has been used several times to achieve the final result. Direct

comparison between (1.18) and (1.29) yields

. K
g (2

2
2) s AT(1,2,3,4) A™(1,2,4,3) ,

4At loop level, one needs to consider multi-trace structures also.
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recovering the map (1.12) and proving that the squaring of the kinematic factors yields

the same relation as the KLT relations.

1.1.3 Colour-kinematics duality and the BCJ double copy

In their full generality, the colour-kinematics duality and the BCJ double copy extend
the relations seen in the previous example to higher points, higher loops and more
general gauge theories. Although we will provide a review of their main ideas, more
comprehensive overviews of the double can be found in [15-17].

To be as general as possible, we will consider a generic m-point L-loop gauge theory

amplitude,

Ld
AWL) — L1 gm=2+42L Z/ (;ﬂ)fd ;C’P?:’ . (1.30)
er

I" is the set of contributing cubic diagrams, d the spacetime dimension, £ is the loop
momenta, S; the symmetry factor associated with the i-th diagram and P; contains the
propagator momenta of each diagram. Like in the tree-level example, the kinematic
factors contain momenta, polarisation vectors and spinors whereas the colour factors

contain structure constants and algebra generators.
In the previous section, we saw that the entire duality construction relies on the

existence of the kinematic Jacobi identity (1.17):
cs+c+cy, =0, ng+ns+n, =0.

It implied that the kinematic numerators could replace the colour factors while keeping
the amplitude gauge invariant. The colour-kinematics duality states that it is always
possible to rearrange the kinematic numerators n; in such a way that they satisfy the
same Lie-algebra identities than the corresponding colour factors ¢; [10].> This not only
applies to YM but also to more general gauge theories that may include matter fields.
Checking the identity in our simple tree-level 4-point example did not require a lot of
work, because the kinematic factors obtained from the Feynman diagrams satisfied the
identity automatically. However, this is not always the case, because the numerators are
not unique. The non-uniqueness is a consequence of the invariance of the amplitudes

under generalised gauge transformations, which are of the form

ng — n; + A; (1.31)

5 There is a subtlety regarding colour factors beyond tree-level. One should not use information
about the gauge group to evaluate sums over colour indices. This would create relations between the
colour factors that are specific to the particular gauge group. All the algebraic relations must be kept
general for any gauge group, otherwise there would be no reason to expect those relations to hold
after replacing the colour algebra with the kinematic algebra. More intuitively, summing over colour
indices would be equivalent to integrating the loop momenta in the kinematic factors. Since we are not
integrating the loop momenta, the sums over colour factors should not be evaluated either.
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where the A; are such that

dldg 1 ¢ A;
Z/ s B =0 (1.32)

el

For example, the amplitude (1.15) remains unchanged under
ns — ns + s A(p, e), ne — ny +t A(p, ), Ny — Ny, + uA(p, €), (1.33)

with the arbitrary function A(p,¢).

Generically, transformations of this kind are required to put the numerators in
duality-ready form. This has been proven to be always possible at tree level [117,118].
At loop level, it remains a conjecture. A complete proof of the colour kinematics duality
would almost certainly require an understanding of the origin of the kinematic algebraic
structures. Despite some progress [18,19], this is currently missing. A more complete
understanding is possible by restricting to the self-dual sector, where the kinematic
algebra can be identified with the algebra of area-preserving diffeomorphisms [20]. We
will explore this particular case in more detail in the next section. More recently,
[119] explored a duality between geometry and kinematics, relating theories of massless
bosons to the non-linear sigma model.

The most important application of the colour-kinematics duality is the double copy.
Whenever we have kinematic factors satisfying the colour-kinematics duality, we can
replace the colour factors with another set of the kinematic factors, which we will
denote by 7;, to obtain a diffeomorphic-invariant amplitude which corresponds to a

gravity theory [11]

m 24-2L dLy 1 7 n.
L L—1 i1
M =it (2) §:/ TS B (1.34)

The process of obtaining gravity by duplicating the kinematic degrees of freedom in
gauge theory is known as double copying. Conversely, we could replace one of the
kinematic factors in a given gravity amplitude with a colour factor to obtain a gauge
amplitude. This process is called single copying. Interestingly, one could go one step
further and replace the remaining kinematic factor with another colour factor. The
resulting theory is referred to as the zeroth copy and, in the case of Yang-Mills, it
corresponds to a bi-adjoint scalar field.

It turns out that the double copy map (1.34) is much more robust than it seems.
First of all, note that we can perform a generalised gauge transformation (1.31) on only
one of the sets of kinematic factors and M% ) will remain invariant. The reason is that
equation (1.32) also holds after the replacement ¢; — 7; as long as 7n; are in colour-dual

form. Therefore, we only need one of the copies to be in colour-dual form.
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Moreover, note that the double copy does not require 7; to be equal to n;, only to
satisfy the same algebraic relations. In particular, n; could be taken to be the kinematic
numerators from an amplitude with different external helicities. As a result, in d = 4,
the gravitational theory not only has states of helicity £2, but also two scalars. The
explanation can be drawn again from string theory. We saw that at tree level the KLT
relations related closed-string amplitudes with open-string amplitudes. The massless
sector of the closed string includes not only the graviton, but also the dilaton and the
B-field present in (1.11). In the KLT relations, these types of insertions can be obtained
by combining gluon amplitudes with different helicities. Here, we are witnessing the

same phenomenon in the context of the BCJ double copy,

dilaton

graviton™? = gluon® @ gluon™ | { } = gluon® ® gluonT | (1.35)

axion
reminding us that the complete double copy of YM is not Einstein gravity, but NS-NS
gravity.

Another possibility is to take the kinematic numerators n from an amplitude from
a completely different theory. This is allowed as long as they are paired with the
equivalent colour factors. The combination of numerators from two different theories
creates an intricate web of relations among different theories. For example, N' = 8
supergravity is the double copy of N' = 4 super-Yang-Mills. The web of double copy-
constructible-theories was extensively reviewed in [15]. Although the concept of the
double copy is independent of the number of dimensions, for the most part of this

thesis we will work in d = 4.

1.1.4 Self-dual double copy

As previously mentioned, our most complete understanding of the double copy occurs
in the self-dual sectors of gauge theory and gravity. Imposing self-duality yields consis-
tent truncations of YM and general relativity, which keep a subset of interactions and
solutions. From the point of view of quantum field theory, self-dual YM and GR are fi-
nite and one-loop exact [120]. For both theories, all tree-level amplitudes vanish except
for a three-point amplitude. The physical interpretation of the self-duality condition is
the restriction to waves of a single helicity.

In self-dual YM, all solutions of the field equations must satisfy the condition
F*=ixF%. (1.36)

In coordinates
ds? = dudv — dw dw (1.37)
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and light-cone gauge (A$ = 0), the self-dual condition implies that
1 1
Aw == 0 3 AU = —Zawé 5 Aw = —Zau@ 5 (138)

where @ is a Lie algebra-valued scalar field. The self-dual condition also implies the

equation of motion

O® + i g[0y®, 0,®] = 0 (1.39)

This equation can be solved perturbatively as ¢ — 0 with a boundary condition that
encodes the sources. This process encodes a sum over tree amplitudes, where only one
external leg is off-shell. Then, one can easily read off the kinematic factors, which are

combinations of “kinematic structure constants”

Fplpzk = 0(p1 + p2 — k) (Prupou — Prupaw) » (1.40)

which have the same algebraic properties as the gauge structure constants fc.
This already hints at the colour-kinematics duality. To confirm the duality, one

needs to follow the same procedure for self-dual GR,

i s
R;wpo = iepué)\R po -

This self-dual equation plays the same role as in YM. Using the metric

Guv = N + K by, (1.41)

we find that the only non-vanishing components of h,, must be of the form
1., 1., 1
hvv = _Zawgb? hww = _Zauﬁi)’ hvu? = hwv = _Zawaugb (142)
where ¢ must satisfy the equation
06 + k{0, Dud} = 0 . (1.43)

The Poisson brackets are defined as

{fvg} = (8wf) (aug) - (8uf) (811)9) : (1'44)

Again, we can solve the equation perturbatively. The results are related order-by-order
to the ones obtained for the self-dual YM, replacing the colour structure constants
with more kinematic structure constants (without duplicating the delta functions).
This relation is the manifestation of the double copy in the self-dual sector.

The similarity with (1.39) is striking. In fact, the Poisson version of area-preserving
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diffeomorphisms in the (u,w) plane generates the kinematic structure constants Fplmk.
This identifies the kinematic algebra in the self-dual sector [20]. There are other exam-
ples of known kinematic algebras, but perhaps not as well understood as the example
studied in this section. A recent example is the discovery of volume-preserving diffeo-
morphisms as part of the kinematic algebra of three-dimensional Chern-Simons theory
[121].

1.2 The KMOC formalism

In the last section, we have reviewed the double copy, and how it hints at hidden
similarities between gauge theory and gravity. This thesis aims to explore the classical
implications of the double copy. Therefore, we need a means of extracting meaningful
classical information from scattering amplitudes, which are inherently quantum objects.
The formalism developed by Kosower, Maybee and O’Connell (KMOC) serves this
need by giving a prescription for defining appropriate quantum observables in terms of
amplitudes and extracting their classical values [44,45].

At the heart of any classical limit is the & — 0 limit. However, the use of natural
units (A = 1) hides all the powers of h. Of course, they might be restored by dimensional
analysis, but there might not be a unique way to do it. For this reason, the goal of
any classical prescription is to set rules that fix the factors of & that yield the classical

observables of interest. In the KMOC formalism, these rules are

e We will adopt the convention that an n-point scattering amplitude in d = 4
has dimensions [M]*~", where [M] denotes dimensions of mass. We will keep
relativistic natural units ¢ = 1. This corresponds to having single-particle states
lp) = \/Ea;HO) with dimension [M]~!.

e Both in electromagnetism and gravity, the coupling constants e and x pick up a
factor of A~1/2 on dimensional grounds. The negative power would suggest that
higher points and higher loops are more relevant in the classical limit. This is

compensated by the next point.

e When A = 1, the momentum of a particle p* is equal to its wave-number p*.
However, if A # 1, we must decide whether the classically relevant vector associ-
ated to each line is the momentum or the wave-number p* = p*/h. For massive
external particles, we will choose p* to be the relevant variable at classical level,
remaining invariant as A — 0. However, for massless particles or momentum
transfers between massive lines, the wave-number will be fixed and the momen-
tum will decrease linearly with A. This prescription cancels the divergent powers
of h that appear from the coupling constants and yields classically well-defined

observables.
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Besides dimensional analysis, there is another point that requires attention when
defining observables with sensible classical limits. The KMOC formalism is often used
to study the classical behaviour or interactions of point particles. However, there is no
notion of a point particle in quantum field theory. Instead, initial and final states must
be regularised as wave-packets, with the appropriate properties to be identified with
point particles in the classical limit. For single-particle states, we model the particles

as states of a scalar field of mass m,

) = / 4(p) o (p) Ip) . (1.45)

where we integrate over on-shell momentum with positive energy E,
d®(p) = d*p O(E,) d(p* + m?) . (1.46)

In order to avoid cluttering expressions with factors of 27, we use the hat notation

~ de

do =, 6(x) = 2md(x) . (1.47)

The wavefunction ¢(p) has a characteristic spread in momentum space, which we
will denote £, but it needs to have well-defined classical position and momenta for
|1)) to act as a point particle classically. This puts certain requirements on the /.
First of all, the Compton wavelength £. of the particle must be much smaller than ¢,,,

such that quantum effects do not rule the evolution of the wave-packet. That is, the

€= (2})2 (1.48)

must approach zero in the classical limit. As it does, ¢(p) must become sharply peaked

dimensionless parameter

around the classical value of the momentum p = mu”.

At the same time, whenever we have more than one particle, the spread must be
much smaller than the modulus of the impact parameter, to ensure that the particles are
well-separated and the internal details of the wave-packets do not affect the scattering.
In single-particle settings, the distance between the particle and the observer plays the
role of the impact parameter. The exhaustive description of the hierarchy of limits in
multi-particle states can be found in [44] and expanded to particles with spin in [45].

In summary, the different considerations on ¢(p) motivate simplifications in the
quantum calculations that extract the classical information without the need for ex-

plicitly evaluating the wave-function.
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1.3 Spinors in electromagnetism and general relativity

Scattering amplitudes are the main building blocks to compute observables in quantum
field theory. They store information very efficiently thanks to their properties: their
gauge invariance means that they do not contain redundant degrees of freedom. More-
over, they are organised in terms of the helicities of the external particles, which are
physical degrees of freedom and in some cases are enough to uniquely determine the
amplitudes.® On the other hand, classical field theory is written mainly in terms of
fields. Although they are more intuitive to work with, they are not as efficient. A gauge
potential, for example, contains gauge information that is not physical. To cure this,
one may resolve to use gauge-invariant curvatures, like the field strength tensor, but
they are still far from the neatness of scattering amplitudes. As with any covariant ten-
sor, curvatures are organised in terms of the components of their indices, which depend
on coordinate choices that do not hold physical meaning. We would like to organ-
ise the information on the classical curvatures in terms of coordinate-independent and
physically relevant degrees of freedom. The spinor formalism serves this very purpose.
Instead of storing the physical degrees of freedom scattered in the different components
of a tensor, spinors are naturally organised in terms of totally symmetric lower-rank
components. For the Weyl curvature and the field strength tensor, these components
naturally split the self-dual and anti-self-dual degrees of freedom. These parts can be
reduced to scalar components, that can be sorted according to their algebraic proper-
ties. As a result, the introduction of spinors in general relativity brought a natural way
to classify spacetimes in a coordinate independent manner.

As we shall see in due time, these similarities between spinors and scattering am-
plitudes are not mere coincidences. In fact, the classical limit of the amplitudes will
reveal that the spinors are their natural classical counterparts in position space. For

now, we will review the basics of the spinor formalism.

1.3.1 Fundamentals of the spinor formalism

The spinor formalism in general relativity [123] exploits the fact that the universal
covering group of SO(3,1) is SL(2,C), whose fundamental and anti-fundamental rep-
resentations act on the two dimensional complex vector spaces W and W respectively.
The map from W onto W defines the complex conjugation. To avoid confusion with
the notation, we will use indices «, 3, 7, ... for elements of W and ¢, B, 4 for W.
Tensors defined in these spaces are called spinors. Dotted and undotted indices live
in different spaces, so their relative ordering is irrelevant (e.g. T 75 =71 57 £ TP Oi,(s

). The spaces of antisymmetric (0,2) tensors over W or W are one-dimensional and

SMHV amplitudes and the Parke-Taylor formula were the starting point of modern on-shell ampli-
tude methods [122].
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0 -1 0 —1

Similarly, for the (2,0) antisymmetric tensors, we choose

0 1 iy 0 1
eh = . e = . (1.50)
-1 0 -1 0

Note that € is preserved by the action of L% € SL(2,C),

spanned by

L% LPieape™® = —2det(L) = —2 = ey5€"° (L5)
= La,YLB(seaﬁ = €y5 - '

Consequently, € plays the role of a metric in a spinor space (W, ¢€). However, unlike a
normal metric, € is antisymmetric and we need to specify conventions for raising and
lowering indices,

ga = €ap 55 y ga = 6aﬁ§5 . (152)

The second identity follows from the first one and the fact that e®? €y = 0%. Another
consequence of the antisymmetry of € is that £*&, = 0 for any spinor £%. The same
conventions apply to anti-fundamental indices.

Any two spinors, 0% and (* such that o, t“ = 1 define a basis in (W, €). Together
with its conjugate basis, they define a real basis for the space of (1,0;1,0) spinor
tensors.”

This space can be shown to be isomorphic to the tangent space to the Minkowski
spacetime by mapping the real spinor basis to a null tetrad in Minkowski. The map is

provided by the sigma matrices

1 . iy 1 .
ot = ﬁ(]l,a) , Ghoa \ﬁ(]l, —a), (1.53)

where & are the standard Pauli matrices.® These matrices satisfy the Clifford algebra:

ot 7" 4oV Gt = s P (1.54)
The metric 7, is the flat Minkowski metric, which indicates that the map only works
for flat space. However, one can define spinors in a general background by contracting
the matrices (1.53) by the vielbein of the metric. Then, the flat metric in the Clifford

algebra is replaced by the full curved metric. By doing so, one can obtain the spinor

"A tensor is said to be of type (4,7; k,1) if it has i contravariant fundamental indices, j covariant
fundamental indices, k contravariant anti-fundamental indices and [ covariant anti-fundamental indices.

8The tilde is just a matter of notation, 5 is the transpose (or complex conjugate) of the o* with
the indices raised.
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representation of the metric

1 . .
17 e P Ry V16 7o' v ~pda
g - 2(0 aa? +Uad0 )
_ M vad __ K v _ap o'zB
= g adO’ = O-Oc(io-ﬁﬁ. ( € € ) .

The map defined by (1.53) also applies to derivatives. In flat space, the standard

derivative is defined with respect to a basis

w 007

adaxu :

DaaV’ =0 (1.55)
In curved spacetimes, the definition of the spinor analogous of the covariant derivative
is more involved. For a detailed discussion, see [124]. Basically, the spinor covariant
derivative V.4 is defined as a map that applies to any tensor T with any number of
dotted and undotted indices

V:T = VasT

with the following properties:

(i) Linearity: Vo (aT +0U) = a Voo T +bVaaU, with U a tensor of the same type

as T and a, b constants.
(ii) Leibniz’s rule: Voo (T'V) =T VooV + V Voo T, with V' a tensor of any type.
(iii) Commutation with complex conjugation Va4 = Vag.
(iv) Preserves the e tensor V,q €5, = 0.
(v) It is torsionless: (VaaVygs —VgsVaa)¢ = 0.

This connection is equivalent to the Levi-Civita connection in spinor space.

1.3.2 Spinors in electromagnetism

To expose the virtues of the spinors, let us apply them in the context of electromag-
netism. Any antisymmetric (0,2) field strength tensor Fj,, can be converted into a
(0, 2; 0, 2) spinor tensor F, spp using (1.53). However, the symmetries present in the
indices of F},, translate into symmetries in the spinor indices,

1
F . .

acpt = 3 Faasp ~ Fppaa) = £

ap)ad] T Flap(ap) -

At this point, we must recall that e spans the space of antisymmetric (0, 2) spinor
tensors. That implies that the antisymmetrised indices can be replaced by € times a

constant. Thus, all the degrees of freedom are in the symmetrised indices and can be
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factorised into spinors ¢,g and ¢~>d 4
Foapi = Pab €ag + Pag €as - (1.56)

Hence, the spinor counterpart of the field strength tensor are the symmetric Mazwell
spinors ¢ap and ggd 5- Instead of computing the Maxwell spinors from (1.56), it is often

more convenient to contract F' with the SL(2,C) generators

ot = —alt 51, (1.57)
1
¢aﬁ = ) F,ul/ O'ZZ . (158)

More generally, the spinor formulation allows the decomposition of tensors into totally
symmetric spinors, which represent the irreducible components of the tensor.

In order to understand the physical meaning of the Maxwell spinors, let us define

the Hodge-dual electromagnetic tensor?

€uvop For (159)
where € is the volume-form. Its spinor counterpart is also determined by its symmetries
€pvop 7 eadﬁﬁ'wy&'ﬁ = Z.(G‘X’YGBéedSeB& — 60456576@&6[35) . (160)
The spinor representation of the dual field strength is obtained from (1.56), (1.59) and
(1.60),
*F o on = i(€qn€45€. s€4. — €EasE; 6”6._)@7665&_’_&&5657)
adBp Y psCabpy T Cadpy CavEhs
= —iPas €4 +Z¢d5 €af - (1.61)

Hodge duality naturally decomposes any field strength tensor into a self-dual part F'T
and an anti-self-dual part F~ such that F' = FT + F~ and

*xF* = +iF* (1.62)

The spinor representation of the anti-self-dual and self-dual parts of the field strength

are then

1
F_zi(F—l—i*F)—)qbagEdB, (1.63)

1 -
Ft = 3 (F —ixF) = ¢45€ap » (1.64)

A comment on notation. In later chapters, we will also refer to the (Hodge) dual field strength
tensor as F. This will be useful once we introduce the notion of dual Weyl tensor W, -, which is not
the equivalent to Hodge duality because the Weyl tensor is not a form.
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implying that ¢, and 95@/3 correspond to the anti-self-dual and the self-dual degrees
of freedom in F respectively. In particular, for real F},,, the spinor qg &b is the complex

conjugate of ¢,3, which then uniquely determines F,,, .

Petrov classification of the Maxwell spinor

A major advantage of spinors is that they give rise to a natural classification of fields
according to their algebraic properties. This classification is based on the fact that any
completely symmetric spinor of rank n can be decomposed as the symmetrisation of n
principal spinors

Earoan = Qay -+ Vay) - (1.65)

The proof follows from the fact that both sides of the identity are symmetric rank-
n expressions with the maximal number of degrees of freedom. & has n completely
symmetric 2-dimensional indices, so it has n + 1 degrees of freedom. On the right side,
the degrees of freedom could be split up into an overall factor times n normalised spinors
with one degree of freedom each. The result is again n+1. Each of the principal spinors
defines a real null direction, which is referred to as principal null direction (PND).

If we apply (1.65) to the Maxwell spinor, we obtain two fundamental spinors

bap = (o Bg) - (1.66)
We distinguish three scenarios

e Type I: the two principal spinors are independent, so ¢ap = (o Bg). These

solutions are algebraically general.

e Type II: the two principal spinors are proportional, so ¢, = anag. These

solutions are algebraically special.
e Type O is the trivial case ¢o5 = 0.
The algebraic classification of the spinors in terms of the multiplicities of their principal
spinors receives the name of Petrov classification.
Maxwell equations

We have seen that the spinors reorganise the algebraic degrees of freedom of the field

strength tensor in a compact manner. We will now translate the Maxwell equations

VEE,, =J,, (1.67)
Vb =0< VExF, =0 (1.68)
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into spinor language. First, we note that Eq. (1.68) implies that
V0ap = V5 b
and (1.67) that
Vobas + Vibas = Jg5 -

Combining both expressions, we conclude that the spinor form of Maxwell’s equations

can be written as )
V0ap = 3788 (1.69)

In absence of sources the equation takes the simpler form
Vo‘ﬂ-qbag =0. (1.70)

1.3.3 Spinors in general relativity

Spinors offer similar advantages in the context of general relativity. From the definition
of the covariant derivative, we can define the Riemann tensor Rupeq — I, PETIE As
we did in (1.56), we would like to use symmetries to decompose the Riemann tensor

into lower rank spinors. Following this reasoning [124],

Roappriss =Xapro €ap €46 T Papis €ap o w11)

+ Xapss Ca €98 T Daps €aB ss
where the curvature spinors
X o 1 R a 1 uv _po
apfyd = Z acB vy T Z pvpo Uaﬁ 075 )
WY ~po

R
1 & v 1
Papis = 4 Radﬁ vwié T 4 Ryvpo Oo 9560
are the spinor equivalent of the Riemann tensor. They have the symmetries X ,g)(ys)
and gb(a 8)(46)" Additionally, the symmetry under exchange of pairs of indices R, r =
Ry5p implies that

Xaﬂy& = Xvéa,é’ > Qsagdg' = ¢d5a6 . (1'72)
Contraction of the relevant indices yields the spinor equivalent for the Ricci tensor

- v, . ¥ o
Roapp = ~Xong €ap T Pappa ~ Xgsp @B T Pappa -
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Similarly, the curvature scalar is

1 o

R=-24A, AZEXaB .
The first Bianchi identity R, o
symmetric — Weyl spinor is defined as Wop,6 = X(ag46)- It is the spinor equivalent of

the Weyl tensor Wpeq

] = 0 implies that A = A. Finally, the — completely

Woasirios = Yaprs €ap €56 T Vagqs €ap €45 - (1.73)

Hence, the Weyl spinor can also be computed as

1 o
\Iloa,B'w? =7 W#uanggﬁ% . (174)

4

The second Bianchi identity V[ Rpjcq = 0 implies that the Weyl spinor must satisfy

ad _ B &
VT Waps = V7 (5955 -

— 47v? (1.75)

Lo -

In the last line we have used the Einstein equations to write ¢ in terms of the stress

energy tensor. In the vacuum, the equation simplifies to
VY 55 =0 . (1.76)

As a remark, notice that massless fields of different spin have very similar spinor equa-
tions of motion. Indeed, the equation we obtained for the Weyl spinor in (1.76) re-
sembles the Maxwell equation (1.70) and the massless Dirac equation for a spin-1/2
field.

Petrov classification of the Weyl spinor

Just as we did for the Maxwell spinor, we can classify the Weyl spinor according to the

multiplicity of its principal spinors

Yapys = a(aBpry0s) - (1.77)
The Petrov types, in increasing algebraic speciality are
e Type I: ¥up\6 = a(aBs7y05), algebraically general.

o Type II: Wopy5 = aasBy7s)-

e Type D: V45,6 = a(aBsayB5). They have two principal null directions and corre-
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Petrov type NP scalars

Petrov type NP scalars Type 1 Uy Uy U3 Uy
Type I1 Uy Ug W
Type I 1 2 P 2 23 T
Tvpe 11 é Type D U,
P 2 Type III Uy U,
Type N Wy

Table 1.1: Non-vanisning NP scalars for the different types of Mazwell and Weyl spinors.

spond to isolated sources, including the Kerr-Taub-NUT family and the C-metric.

e Type III: Vypy5 = qqapaqSBs).

e Type N: ¥,3,5 = agaga,as. Only one principal null direction, this is the most

special type and represents pure radiation.

e Type O: ¥,3,5 = 0 corresponds to flat space.

1.3.4 Newman-Penrose scalars and peeling theorem

Given a generic spinor basis {o, ¢}, we can expand the Maxwell and Weyl spinors as
bap = ¢0tatp — 2¢1L(a0p) + P2 0008 , (1.78)

Vo6 = Vo tatgiqts — 4 W 1o tgty0
afy abtply (a Bly J) (179)
+6 W2 1(4L30705) — 4 V3 1(4050705) + W4 00,050,05 .

The sets of spin coefficients {¢;} and {V¥;} are called Newman-Penrose (NP) scalars
[125]. Depending on the algebraic type of the spinor, aligning the spinor basis with the
principal spinors sets a subset of the NP scalar to zero. The remaining non-vanishing
scalars are listed on table 1.1. Trivially, all the coefficients vanish for type O solutions.
Remarkably, Type N and Type D spacetimes are characterised by a single NP scalar
and its dual.

In asymptotically flat spacetimes, the NP scalars have an important property known
as peeling [125,126]. This is a hierarchy in their fall-off with large distance r between
the observer and the localised source, provided they admit an analytic expansion.!® In

electrodynamics, we have
1
do(x) = 6y (2) 5 + O /r"),
1
d(x) = 01" (@) 5 +001/r%). (1.80)

talw) = 0(2)  +0(1/r?),

10The nature of the coordinate r will be made more precise later in the text.
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where T denotes non-radial dependence. Thus, the scalar ¢2(z) is the dominant com-
ponent of the field at large distances: it describes the asymptotic radiation field. Mean-

while, ¢1(z) is Coulombic. In gravity, the situation is very similar:

Wo(w) = W (@) 5 + O/,
W) = W0@) o + 00/,
Wy(a) = W (7) 5 + O(1/+). (1.81)

Ws(w) = W (@) 5 + 00 /%),

W) = 0 (@) 5 + O(1/7%).

As a consequence, asymptotic gravitational radiation is described by W4(x), while Uo(x)

describes a potential-type contribution, as in Schwarzschild.

1.4 Outline

The remaining of this thesis is organised as follows. Chapters 2 and 3 are aimed at
deriving classical double copy results directly from amplitudes. In chapter 2 we show
how the KMOC formalism can be used to generate the classical electromagnetic fields
sourced by static particle charges from 3-point amplitudes. Section 2.3 reviews how
magnetic charge and angular momentum can be added to the amplitudes by simple
transformations, resulting in fields that correspond to the vKerr-dyon solution. Mo-
mentum conservation implies that the 3-point amplitude vanishes for real momenta
in Lorentzian signature, an issue that we avoid by working in split (2,2) signature in
chapters 2 and 3.

In chapter 3, we apply the same tools to gravity. To make the double copy structure
explicit at the level of the fields, we introduce a Riemann-Cartan generalised connection
in section 3.1. This time, we double copy the gauge amplitudes to obtain seeds for
gravitational solutions, as section 3.2 demonstrates. The curvature spinors and tensors
of explicit solutions are obtained in section 3.3. Section 3.4 concludes the chapter by
exploring the double copy relations exhibited by the classical fields, identifying the
previously known Weyl, convolutional and Kerr-Schild prescriptions.

The first two chapters motivate a deeper exploration of the Weyl and Kerr-Schild
double copies in chapters 4 and 5. After reviewing the original formulation of the Weyl
double copy in section 4.1, we study the effect that the electromagnetic duality has
on the double copy. Then, we move on to generalise the Weyl double copy to type N
solutions in section 4.2. In the final section of the chapter, we explore the Weyl double

copy from future null infinity and study the relation between asymptotic symmetries
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in gravity and large diffeomorphisms in electromagnetism.

The Kerr-Schild double copy is the object of study in chapter 5. Again, we start by
reviewing its basics in section 5.1. Then, in section 5.2, we present a double field theory
generalisation that enables us to establish a non-perturbative double copy relation
between JNW and Coulomb.

We conclude with some final remarks and possible future directions in chapter 6.



Chapter 2

Classical point charges from

amplitudes

The renewed interest in gravitational wave physics has motivated the search for new
analytic computational methods in perturbative general relativity. Methods based on
scattering amplitudes have proven successful, although they require efficient prescrip-
tions to extract classical information from the quantum amplitudes. The KMOC for-
malism serves this purpose [44,45]. It starts with quantum observables written in terms
of amplitudes. Then, by following the criteria in section 1.2, it returns the associated
classical observables. The impulse and emmited radiation in two-body processes are
examples of observables that can be obtained by this technique [44-46,66,68,127-130],
but it extends to other applications [131-134]. A particularly relevant development for
gravitational wave physics was the calculation of waveforms from amplitudes [67] to
arbitrary order in perturbation theory.

This chapter demonstrates the process of extracting classical field configurations
from scattering amplitudes. More precisely, it shows how to apply the KMOC formalism
to a wave packet representing a charged static point particle to obtain the classical
electromagnetic fields. This also constitutes a prelude to the next chapter, where the
same concepts are applied in the context of gravity. In essence, the goal is to bridge two
worlds: quantum amplitudes and classical fields, which often speak different languages.
Although the spinor formulation will be an effective translator, there is an additional
point of friction that needs to be addressed.

Three-point scattering amplitudes are the atoms in our modern approach to com-
puting interactions between particles in quantum field theory. Using modern on-shell
methods, it is possible to construct the complete S-matrix for Yang-Mills theory and
(up to ultraviolet divergences) for general relativity from their respective three-point
amplitudes.  This is done by recursively decreasing the number of loops thanks to

unitarity cuts [8,9] and applying BCEFW recursions [7] to cut tree amplitudes down to

35
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three-point amplitudes. These amplitudes are gauge invariant and beautifully simple
objects, completely specified by the helicities of the massless gluons and gravitons [135].
This basic simplicity carries over to the case of massive particles, for any spin [136].
But despite all these virtues, three-point amplitudes have one big defect: they do not
exist in Minkowski space. As for any n-point amplitude, the external particles involved
in a three-point amplitude must all be on-shell. But there is no solution to the on-shell
conditions in Minkowski space for three particles with different momenta. This obstruc-
tion has prevented the three-point amplitude from receiving a classical interpretation
so far. A contrasting example is the four-point amplitude between massive particles in
gravity, which is closely related to the classical potential [137,138].

Of course, the fact that the three-point amplitude vanishes in Minkowski space is
no obstacle for the programme of determining more complicated amplitudes. BCFW
taught us a simple trick: we analytically continue the momenta so that the on-shell
conditions do have a solution. We can take the momenta to be complex-valued, or else
continue to a spacetime with metric signature (+,+, —, —).! This second option has
some conceptual virtues from the point of view of spinors. The Lorentz group in split
signature is locally isomorphic to SL(2,R) ® SL(2,R), and the spinor representations of
SO(2,2) are the (real) two-dimensional fundamental representations of each SL(2,R)
factor. The upshot is that, instead of having two sets of spinors related by complex
conjugation, real solutions in split signature have two sets of independent, real spinors.
For related discussions of field theory in split signature, see [139-144].

Another virtue of a real spacetime with signature (4, 4+, —, —) is that real classical
equations exist in this spacetime and their solutions can be studied. In this chapter,
we find a classical interpretation for the three-point amplitude in a split-signature
spacetime: it computes the Newman-Penrose scalars for the classical solution that
is generated by the massive particle in the amplitude. For example, the three-point
amplitude between a massive scalar and a gauge boson computes the electromagnetic
field strength of a static point charge in split signature. In Einstein gravity, the three-
point amplitude between a massive scalar and a graviton computes the linearised Weyl
spinor of the split-signature analogue of the Schwarzschild solution. Solutions in split
signature which are determined by three-point amplitudes are, from the perspective of

scattering amplitudes, the simplest non-trivial classical solutions.

2.1 Initial and final states

Let us consider a static particle source in split signature. We will use coordinates

(t1,t2,2,y), with signature (+, +, —, —).2 Since we have two time directions, we should

n our split signature conventions, the (4)-directions are timelike and the (—)-directions are space-
like.
2We will also denote two dimensional space-like vectors in bold, eg. x = (z,y).
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x|

not causal

particle

causal

f1

Figure 2.1: The left image shows the 4D light-cone in split signature. The “inner” part of
the cone contains all the events that are mot causally connected to the verter, whereas the
events in the “exterior” can be reached by causal curves. On the right, the diagram shows the
support of the Green’s function for our choice of ti-retarded boundary conditions. The point
particle trajectory is represented by the thick line moving along the to axis. The shaded surface
is t1 — |¥| = 0, which contains the radiation. The dashed lines enclose the region where the
retarded Green’s function is non-zero, i.e. the t1-future of the particle. The dotted volume is the
t1-past of the particle.

specify the worldline of the particle, which we choose to be the to axis with tangent
vector ut = (0,1,0,0). We will model this massive particle as a non-dynamical scalar
wave packet, following the KMOC prescription. The expectation value of the momen-
tum of the wave packet should then be (p#) = mut. We define the quantum state

) = / AB(p) o(p) [p),  dB(p) = d'pd(p? — m?)O(E) (2.1)

where the wave function ¢(p) is sharply-peaked around the classical momentum m u*.
Notice that the theta function inside d®(p) enforces positive energy along to, the world-
line direction of the particle. The existence of the other time direction ¢; implies that
there is another energy, F;.3

To connect three-point amplitudes to Newman-Penrose scalars, all that is needed
is a direct computation using the methods of quantum field theory. The first order of
business, then, is to couple the scalar particle to a quantum electromagnetic field. The
existence of two time dimensions implies that we need to specify boundary conditions
for the fields. We choose to impose that the “messenger” fields (photons and gravitons)
must be in a vacuum state for ¢; — —oo.

This endows the (1, z,y) codimension-1 space with a sense of time ordering in which
fields are sourced at t; = 0 by the instantaneous appearance of the particle. Figure
2.1 diagrammatically represents the causal lightcone in split signature as well as the
domain of the gauge field for our boundary conditions. Accordingly, we use the mode

expansion for the gauge field operator

Ab(z) =Y / Ad(k) h3 (an(k:)ag(k)e_i%z + a;(k)eg(k)ei’%“”) . (29
n==+

3Note that, in the KMOC formalism, the momentum carried by messengers is of order %, so in the
classical limit our massive particle is indeed static.
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where this time the measure is
dd (k) = d*k6(k2)O(EY). (2.3)

Note that now the theta function enforces positive energy along the ¢; direction. We
will assume from now on that d®(k) carries a ©(E;) for the gauge field while d®(p)

carries O(F3) for the massive particle. The associated field strength tensor is

-

v ; -3 v —ikz vl ik
PR () = —2zZ/d<I>(k)h : (an(k:)k:[“sn]e = af (k)klele h) L (24)
n==£

We want to obtain the field sourced by our particle when it is coupled to the electromag-
netic field with a charge ). For ¢; < 0, we impose that there must be no messengers,

so the field vanishes,
(IF* ) = 0. (2.5)

For positive t;, the state evolves with
[Wour) = lim U(—t",t4)|¢) = Slp), (2.6)
tl—oco
and the goal is to compute the expectation value of the field
() = (|STF™ S|y) . (2.7)
Similarly, we can obtain the spinor counterpart of the field strength tensor
bap(x) = " g F () . (2.8)

In order to have real spinors in split signature, we must choose different conventions for
the sigma matrices. Appendix A reviews our split signature spinor conventions as well
as other particularities of the signature. In analogy with the spinor-helicity language

of scattering amplitudes, we introduce the notation
k) <> Aoy (K| < XY, k] & XY, [k & Xa, (2.9)

to pass between momenta k and spinors A, A, where
k- 0ad = Aala - (2.10)

2.1.1 Coherent final state

In the classical limit, the final state exhibits a dramatic simplification, which enables

us to compute the expectation values to all orders of the coupling. To show this, we
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start by expanding the S matrix

Sl) = %(1+¢T3+¢T4+..-)|¢>, (2.11)

where N is a normalisation constant and the T}, are defined by

1 i n
Toyz=— >, [de(p)de(p) [[do(k:) AT (p— ke k)
i=1

S0 (2.12)

x84 (p—p' = ki) aby (k1) - ab, (k) ol ()a(p)

That is, the 1,42 are projections of the transition matrix T onto final states with n
photons, in addition to the massive particle. We denote the creation and annihilation
operators for the massive scalar state by af(p’) and a(p), respectively, as opposed to
the photon creation operators a,];l(kl) In our conventions, the helicity labels 1 are for
incoming messengers. Note that we include precisely one creation and one annihilation
operator for our scalar, which is consistent with treating it as a probe source. We omit
all terms in 7}, 2 containing photon annihilation operators since these would annihilate
the initial state [¢)). The factor n! in equation (2.12) is a symmetry factor associated
with n identical photons in the final state.

We begin by computing the action of 75 and Ty on |¢) explicitly. It will then be a
small step to the general case and the exponential structure. First, the case of T3 is

straightforward:

iTyl) =3 / A (p')AB(p)AD(k) o(p) iA_y (k). K7 84 (p — o — )
n
(2.13)
=3 [ AB)ABE) oo+ 1) OE + K132 - )iy (1)o7
n

where, in the second line, we integrated over p with the help of a four-fold delta function,
and we relabelled p’ to p. This expression simplifies when we compute in the domain
of validity of the classical approximation. As argued by KMOC [44], the classical
approximation reviewed in section 1.2 is valid when the scales in our problem satisfy
x> by > L., where £, is the length scale associated with the finite size of the spatial
wave packet, which controls the quantum uncertainty in the position of our source
particle, while £, = i/m is the (reduced) Compton wavelength of the particle.* Working
in Fourier space, we require that k < 1/¢,, < m (where k is a messenger momentum).
It is only when these inequalities are satisfied that our classical expressions are valid.
We assume that the integrals appearing in the equations are defined (e.g. with cutoffs)
so that these inequalities are satisfied.

Taking advantage of the classical approximation, we can ignore the explicit theta

4Recall that the role of the observer position = was played by an impact parameter b.
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Figure 2.2: The three-point electromagnetic amplitude. Notice that the photon with polarization
7 48 tncoming.

/ / /

p p p

'\/WVV\.kla 771 ka27 772 kl? 771

Figure 2.3: The familiar Feynman diagrams for the four point scalar QED amplitude. In this
figure, the photons are outgoing.

function in equation (2.13), since k% is a small momentum component compared to
the large, positive classical energy E? of the massive particle, which is of order m.
Similarly, we can ignore the shift & in the wave function ¢(p + k) ~ ¢(p), because this

shift is small on the scale 1/¢,, of the wave function. Thus, we find
iT3|v) = Z/dq’(l))d@(k) o(p) (2p - k) iA_y (k) af (k)[p) - (2.14)
n

For our static charge in electromagnetism, the three-point amplitude is the scalar QED

vertex,

Q
A_(k) = -2—=p-e_(k),
vh (2.15)

Ay (k) = —2\‘}#) 2 (R).

Notice that the amplitude depends on & only through the polarisation vector e, (k): it

therefore does not depend on whether we treat k as a momentum or as a wave vector.
The factor 1/ vVl in the amplitude cancels out with other factors of A in the expec-

tation value of F},,. This is obviously consistent with the computation of a classical

quantity. Since all factors of h will similarly disappear for classical quantities in the

remainder of the thesis, we will henceforth set A = 1, restoring it only when necessary.
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The four-point case requires a little more work on the actual amplitude. Working

at the textbook level of Feynman diagrams (using the notation in figure 2.3), we find

dp - ey, (kl)p/ “E—m (k2) . 2dp - e_p, (kQ)p, “E-m (K1)
. +i1Q —
2ky - p+ie 2k - p — e (2.16)

+ 22.62257771 (kl) CEmp (kQ) :

iAW = —iQ?

The superscript (4) emphasises that now this is a four-point amplitude. Now, of these
three terms, the last is suppressed relative to the other two in the classical approxi-
mation. The suppression factor is of order p - k/m?, which is of order the energy of a
single photon in units of the mass of the particle. (Equivalently, the suppression factor
is A k/m, where k is a typical component of the wave vector of the photon. From this
perspective, the contact term is explicitly down by a factor h.) Therefore, we neglect
the contact diagram. In terms of a more modern unitarity-based construction of the
amplitude, this means that we can simply “sew” three-point amplitudes to compute
the dominant part of the four-point amplitude relevant for this computation.®

We can make this sewing completely manifest in our four-point amplitude by writing
bip =kop+ OF), o e(k) =p-e(k) + O(h), (2.17)

and neglecting the & corrections. (In dimensionless terms, these corrections are again
suppressed by factors of the photon energy over the particle mass.) It is then a matter

of algebra to see that

Il
ol

PAD = 5(2p - k) (~20Qp - ey, (k1) (~2iQp - 2, (2))

) (2.18)
5(2}) . ]{31) ’L'Afm (k‘l) Z'.Afn2 (k‘g) .

We picked up a delta function from the sum of two propagators. It is perhaps worth
pausing to note that the two photon emissions are completely uncorrelated from one
another.

Now we can compute the action of T4 on our initial state. Using the definition (2.12)
of T, and the fact that

a(p)ly) = ¢(p)0), (2.19)

we find

i) =5 Y [ A0 (a0 )de(he) olp) A%, (0 - o K EE) o
1,12 .

x 6Mp —p' — k1 — ko) |p’ KTVKD?).

5Tt may be worth emphasising that a one-loop computation of a classical observable such as the
impulse also involves the four-point tree amplitude. But in that case, the contact term is absolutely
necessary to recover the correct classical result, and in fact the terms we are concentrating on cancel.
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The integration over the momentum p is trivial using the explicit four-fold delta func-
tion. The measure d®(p) contains a theta function, requiring that the £? component
of p + k1 + ko is positive. Since the d®(p’) measure already requires the relevant en-
ergy of p’ to be positive, and the photon energies are small compared to the mass,
we can ignore this theta function. We also encounter the wave function evaluated at
p' + k1 + ko; since the photon energies are small compared to the width of the wave
function, we may approximate ¢(p’ + k1 + k2) ~ p(p'). Finally, d®(p) contains a delta
function requiring

pP=(p + ki +ko)® =m”. (2.21)

Since p’? = m?, this becomes a factor
0(2p" - (k1 + ko) + (k1 + k2)?)

in Ty|v)). Once again, we may neglect this shift of the delta function, as it is small
compared to the width of the broadened dy,, function resulting from integrating against

the wave function [44]. Neglecting this width £,,, we find

Ty = 5 3 [ AR(p)AR(k)AD (o) 0(0) iAD), 0+ b1 +Fs = p,kako)
71,12 (2.22)

X 8(2p - (kv + ka2))lp kK3

where we relabelled the momentum p’ to p. Now we may use our result (2.18) for the

four-point amplitude, arriving at

i) =5 3 [ AR)ABAB(k) 9(p) B2p - k)52 - ko)
771,772

X 1Ay, (k1) iA—p, (k2)[p K" R3)  (2.23)
2
_ ;/ <Z/dq> 0(2p - k)iA_,(k )af7(k‘)> ),

Note that we have obtained the same result as in (2.14), but with a factor of 1/2 and
the integrand squared.

Now we turn to the general term, evaluating T),42|¢)). We can make use of the
knowledge gained from the four-point example, including the fact that the leading term
in the (n+2)-point amplitude can be obtained by sewing n three-point amplitudes. We

must nevertheless sum over permutations of the external photon momenta as shown in
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kﬂ(n) y Thr(n)

kﬂ(nfl)a Nr(n—1)

kx1)s Mr(1)

Figure 2.4: The dominant term in the n+ 2 point amplitude can be obtained by sewing n three-
point amplitudes. The full amplitude is obtained by summing over permutations w of the n
outgoing photon lines.

figure 2.4. The dominant term in the amplitude is

A — (TTiA - i e
H n ;219-1%(1)+262P'(’fw<1)+’“w<2>>+“

1

2p - (kry + Erey + - krnon)) i€

(2.24)

X

The sum is over permutations 7 of the n final-state photons.
At four points, the sum over sewings led to a delta function, and the same happens
here. We can state the result most simply at the level of T, 12|¢)), which can be written

as

. 1 N - - 1(n
iTaalt) = — ) /d<1>(20)Hd‘I)(ki)<P(20)<S 2p- > ky | AT kTR
! L <

(2.25)
using the properties of the wave function, and neglecting terms suppressed in the clas-

sical region. We may now simplify the sum in equation (2.24) using the result

sz Z d — .. ) .
+ 1€ W (1) + Wr(2) + 1€ Wr(1) + Wr(2) + - *Wr(n—-1) + 1€ (2.26)
= (w1)d(wa) - 6(wn) -

This result, which is an on-shell analogue of the eikonal identity, is proven (for example)
in appendix A of reference [69]. We find that

Toalt) = o [ oG (Z [ aow i k)zA_nUa;(k)) B, (227)

generalising the square found in (2.23). Performing the sum over n, we obtain an
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exponential structure in the final state
1 i
S|y = v d®(p)(p) exp Z AP (k) 6(2p - k) iA_y(k) al (k)| p), (2.28)

where N is the normalisation factor ensuring that (y|STS[y)) = 1. The exponential
structure of the state captures the intuition that the outgoing field contains a great
many photons. It is also consistent with the intuition that coherent states are the
natural description of classical wave phenomena in quantum field theory. The coherence
of the state could also be demonstrated by taking advantage of the linear coupling
between the gauge field A, and a massive probe source worldline, so it comes as no
surprise. However, it is satisfying to see that the state is completely controlled by the
on-shell three-point amplitude.

Now that we have seen that the final state is given by equation (2.28), let us return
to the evaluation of the expectation value of the field strength. The computation is
simplified when we recall that (as usual for a coherent state) the annihilation operator

acts as a derivative on the state:

an(k)S|w) = 6(2p - k) iA_y (k) S|w)
B (2.29)

As a result, annihilation operators can be replaced by amplitudes.
The field strength is therefore

WIS P (@) S[) = <1 Re 1Y [ dB(E) 018" ay(k) S|o) Rirep) e
n

9 A A (2.30)
= EReZ / AP (k) d(u - k)A_y(k) ke =tk
n
Similarly, the Maxwell spinor is obtained making use of (A.8) and (A.9),
(W]ST pas(x) S|p) :——R /dc1> (u-k)|k)alk)se ™AL (K), (2.31)
while the conjugate one reads
(©|9 ¢4 4(x) Sly) = /de) O(u - k) [klalk|ze™™* A_(k). (2.32)

Equations (2.31) and (2.32) show a direct relation between the Maxwell spinors and
the 3-point amplitudes. The positive helicity amplitude controls the anti-self-dual part

of the electromagnetic field, while the negative helicity amplitude controls the self-dual
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part.

2.2 Coulomb potential

So far we have obtained the classical expectation values of the fields as on-shell mo-
mentum integrals of the three-point amplitudes. Such expressions have the attribute
of explicitly relating classical fields to amplitudes, but eventually we would like to per-
form the integrals to obtain position space solutions. Since we are dealing with a simple
static electric charge, we can expect to obtain a split signature analogue of the Coulomb
potential.

The first step towards this end is to evaluate the amplitudes in (2.30) with (2.15),

(F ()

(W|STF™ (z) S|p)

= —4QRGZ / d(I)(k) 5(k . U) e—ik~1‘ k[/_/,gi/]] ST (233)
n

This expression can be simplified by resolving the proper velocity onto a Newman-

Penrose-like basis of vectors given by k*, ! and a gauge choice n#, such that k-n =1

while n - e = 0. The metric can be then written as
=2k — 2l (2.34)

Since k - u = 0 on the support of the integration, the velocity can be written in the
tetrad basis as
uf = (u-n)k* — (e— - u)ell — (e -u)el. (2.35)

Consequently, the field strength is given by the simple formula
(FM (1)) = 4QRe / AD (k) 6 (k - u) e klryr], (2.36)

Before we perform any integrations, let us pause to interpret this formula. Note

that we may write
(FM(z)) = 4Q 0Fu¥ Rei / A® (k) 6 (k - u) e 2 (2.37)

We recognise the definition of the field strength as the (antisymmetrised) derivative of

the gauge potential,

(AP(2)) = 20 Rei u / AD(k) 6(k - u) ek (2.38)
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Similarly, from the gauge potential we can recognise a scalar potential

(A"(2)) = Qui(S(x)) (2.39)

with
(S(z)) = 2Rei / A®(k)o(k - u)e e (2.40)
. / A B — )0 (kn)3(k ) (47 — ) (2.41)

To interpret these formulas, it’s worth digressing briefly to discuss our situation from

a classical perspective.

2.2.1 Classical calculation

Although in this chapter we are attempting to compute classical fields using scattering
amplitudes, they can also be computed by solving their classical equations of motion.

For instance, consider solving the Maxwell equation with a static point charge
O FH (z) = /dT Qu” 6*(z — ur), (2.42)

where u# = (0,1,0,0), with the boundary condition that the electromagnetic field
vanishes for t! < 0. Choosing Lorenz gauge, we can write the solution as a familiar

Fourier integral:

Ab(z) = — / Ak (k- w) e_ik’z%Qu“ . (2.43)

As usual, we need to define the k integral taking our boundary conditions into ac-
count. These boundary conditions are also familiar: they are just traditional retarded
boundary conditions. The only novelty lies in the signature of the metric. But even
the unfamiliar pattern of signs in split signature disappears for the problem at hand,
because of the factor

5k - 0) = 3(kz)

in the measure. Consequently, the second component of the wave vector k* is guar-
anteed to be zero. We end up with an integral of Minkowskian type, but in 1 + 2
dimensions. This is a consequence of translation invariance in the #? direction.
Treating the k integration as a contour integral, the only poles in the integration of
equation (2.43) occur when
(k')? =Kk?, (2.44)

where k = (k3, k%) are the spatial components of the wave vector. Taking the sign of the

exponent in equation (2.43) into account, retarded boundary conditions are obtained
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by displacing the poles below the real axis:

e kit RCET (k2)12 — B = (2 (245)
while advanced boundary conditions correspond to
1 1 1
B 2 T i+ (R () ()2 (240
Notice that
L ! ! ! = —isign(k")o(k?), (2.47)

K2, kL, R Fi(k)e K2 —i(kl)e

ret

where, in the first equality, we have written (k') for the first component of the 4-vector
k and have freely rescaled e by positive quantities (as is conventional, we take ¢ — 0
from above at the end of our calculation).

Returning to the gauge field of equation (2.43), we have

Al (z) = —/&4k (k- u) e~k (—i sign(k')8(k?) + k21> Qut
adv
=i / Ak (k- u) e sign(k1)d(k?) Qu (2.48)

= i/dfb(k) 6k - u) Qut (e_i’”” - ei’”> .

We dropped the advanced term because, with our boundary conditions, the position x
has positive t'. But equation (2.48) is just the result we found from the quantum ex-
pectation (2.38). Thus, our quantum mechanical methods are computing the complete
gauge field, as expected.

Given that we have made contact with a classical situation, we can use classical intu-
ition to perform the Fourier integrals. The integrals to be performed in equation (2.43)
are the same as the integrals in the computation of the retarded Green’s function in

1 + 2 dimensions. We discuss this Green’s function in appendix A.2. We find

Al (z) = QU“@(t1)@($2 — (z- U)Q)

o e (2.49)

In many respects, this result is familiar: it is just the usual 1/‘distance’ fall-off. There
is no other possibility: the dimensional analysis requires this behaviour with distance.
Although the obtained the solution in split signature, it can be analytically continued
back to Minkowski space. The continuation requires a prescription to complexify the
contour that gives rise to our choice of propagator. The details of this process are spelt
out in A.3.
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2.3 +Kerr dyon

In section 2.2, we only considered the most basic amplitude in QED for a static point
particle. In gauge theory, there exist two non-trivial deformations of the Coulomb

amplitude. The first of these introduces a e7? factor in the amplitude,
Ay (k) — A, (k) en? (2.50)

where 7 is the helicity of the photon [90]. Notice that the rotation parameter has
been continued from Lorentzian space § — —if, as motivated in appendix A.4. This
deformation has the interpretation of an electric-magnetic duality rotation, allowing us
to introduce magnetic charges. The second deformation is slightly more complicated.

ink-a

For a photon with momentum £k, it introduces a factor e in the amplitude,

An(k) = Ay (k) einha (2.51)

The vector a* is a four-vector parameter related to the classical angular momentum. It
will be taken to lie along the Wick rotated coordinate: a* = (a,0,0,0). Consequently,
the Lorentzian exponent —nk - a has been analytically continued to split signature as
in k-a. Rather remarkably, this deformation leads to an amplitude describing a particle
with large classical spin a* interacting with a photon. It may be derived [88] by studying
the large spin limit of the “minimally coupled” amplitudes of Arkani-Hamed, Huang
and Huang [136], and is known to be a form of the Newman-Janis shift [145]. Both
the electromagnetic rotation and spin shift were previously considered in [146] in the
context of the double copy, but without the tools to compute curvatures from the
amplitudes directly. This can be done now thanks to the exponentiation leading to
the coherent state reviewed in section 2.1. The transformations do not obstruct the
derivation, and one just needs to replace the amplitudes following (2.50) and (2.51).
The next subsections are devoted to the effects of these deformations on the field
strength tensor and its spinors. Later on, these transformations will be carried over to
gravity via the double copy. The duality angle will be associated to the NUT charge
whereas a will be the Kerr angular momentum parameter. The transformation effects
on the electromagnetic field is summarised in table 2.1. The table also shows the effects

on the double copy, which are derived in the next chapter.

2.3.1 Deformed amplitude

Both transformations can be applied simultaneously to the same amplitude,

Ay — Apenihatt) (2.52)
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Transformation ‘ Gauge theory Pure gravity
None Coulomb Schwarzschild
EM rotation dyon Taub-NUT
Newman-Janis shift VKerr Kerr

EM rotation 4+ NJ shift | spinning dyon Kerr-Taub-NUT

Table 2.1: Effect of the transformations (2.50) and (2.51).

Performing this replacement in (2.31) yields the transformed Maxwell spinor
(Gapla)) =~ Re [ d0(k)5(2p - 1) 2VER)alkhs As (B) Fo0 e (253)
It is immediately clear that

(Pas(x)) = € (ge§" (z — a)) (2.54)

where ((bCO“l (x)) is the Maxwell spinor of the Coulomb solution. A similar expression

can be obtained for the conjugate spinor,

(Dap(a)) = e (632" (x + a)) (2.55)

The interpretation of these transformations in terms of the Newman-Janis shift and of
electric-magnetic duality is now more manifest. This will be even more transparent if

we apply the transformation to the field strength tensor, which is our next goal.

Scalar potential

As a preliminary step, we will study the combined effect of the transformations on the

scalar potential

Sa0(z) == 2Rei/dq>(k)5(k ) o—ih-(w—a) 0

¢’ Ot —a)® —1?)
"o (t1 —a)? —r?

(2.56)
= e?Spo(x — a)

where r is defined as the 2d radius /22 + y2. The first line implies that the effect of
the spin vector a* is merely a shift in the spacetime coordinates z* along t1. The last
line was obtained by introducing an ie prescription for convergence, in the same sense

as in (A.15).
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Field strength tensor

The deformed classical field strength tensor can be obtained as the expectation value
(F (@) = (p[STF™ () S|y)

— —4QReZ/d<I>(k)5(k ) e~ ik-(z+na) k,[ugrv]] 6_9’75,77 u (2.57)
n

In the second line, we have substituted the amplitude (2.52) into (2.30). The integrand

can be expanded as
(P (@) = ~4QRe [ dp(R) 3wy
X (k[“gﬂ e 0mikag .y 4 gl ftika £y - u) . (2.58)
Using the null tetrad (2.34) and (2.35), the above expression can be rearranged as

(F* (z)) = 4QRe/d<I>(k:) S(k - u) e~

X (cos(k ca —i0) kPl + i sin(k - a — i0) (k[“sﬂ e u— ke €4 u)) .

(2.59)
This can be further simplified to
<FW@@>:quRg/dQQgS@-uyfm“
L (2.60)
X <COS(I€ -a — 19) k[ﬂ'uy] _ Wﬁﬂypgk[pug]> ,
making use of the identity
Pk, ug = =2 (5, -uk[“si] —€&4- uk:[“ei]) . (2.61)

Expanding the sine and cosine and recalling the definition of S, g(x), we obtain

Sa,@ + S—a,—@

5 (2.62)

(F(2)) = 2Q 0] [

] — QP Iu,y [M] .

2

In this expression, the derivatives act on the terms in brackets, since u* has constant
components. We have obtained the fields for generic a and 6 but in the next two

subsections we will focus on each transformation individually.
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2.3.2 Newman-Janis shift

A pure Newman-Janis shift has § = 0,

C) —a)? —r?
&ﬂ@y:%; %ZG;TQ. (2.63)

It is worth commenting on some features of this field. First of all, it encodes the
complex zeroth copy of Kerr. This can be checked by rotating to (1,3) signature as
t1 > 1z

. 2
(t1—a)? —r* = (iz—a)? =1’ = —(z+ia)? —r* = — <R+ia cosﬁ) . (2.64)

The “Kerr radius” R and polar angle 9 are implicitly defined by

2 2
R2r7_|_2+%:1’ COSﬂ:%. (265)
a

Thus,
1 i

- =
(t1 —a)? —1r? R+ia cos?d

(2.66)

which is proportional to the scalar (3.32) in [99]. The fact that we recover the complex
scalar supports the idea of associating the double copy for amplitudes in (2,2) signature
to the Weyl double copy.

Secondly, notice that the spin a appears only in the combination (¢; — a) in equa-
tion (2.63). This is the Newman-Janis shift at work: in (2,2) signature, the shift is a
real translation, in the ¢; direction, at the level of the field strength. (The shift acts in
a more subtle way on the potential. At the level of the effective action, the shift can be
interpreted as replacing the usual worldline action with a worldsheet structure [108].)

To obtain the shifted field strength tensor, we just need to set # = 0 in (2.62) and
find

Sa,O + Sfa,O
2

Sa 0 — Sa,0:|

www»zszmﬂ[ ]—wamww[ " (2.67)
Note that in Minkowski signature the first bracket corresponds to the real part of S
while the second corresponds to the imaginary part.

The field (2.67) is the split signature equivalent of the v/Kerr solution, the single
copy of the Kerr black hole [88,97]. Instead of checking this claim by direct comparison,
which would be tedious due to coordinate transformations, we can derive (2.60) with

0 = 0 in a purely classical way. To do so, we solve the Maxwell equations in the presence
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of a v Kerr source,

8F“”x:Q/dTeXpa*ayup5(4)$—u7' =4 x),
W () (ax9)”, ( ) Ko (%) (2.68)

(@*b)uw := €uupoald?.

Note that the source for v/Kerr is formally the one for Coulomb (see for instance [147]
or [108]) but acted upon by the differential operator exp(a x 9)” ,. We observe that the
exponential exp(a * ) remains invariant under analytic continuation to split signature.
This is because the derivative picks up a factor of —i, which is cancelled out by the i
picked up by the volume form.

We solve (2.68) by Fourier transform with the boundary conditions outlined in sec-
tion 2.1. We get

A (z) = 2Q Re z/ A® (k) 6(k - u)e *FTexp(—ia * k)* uf. (2.69)
The action of the exponential matrix can be further simplified. In fact, on the support

of the on-shell measure, it can be shown that

sina - k

2.70
e (2:70)

exp(—ia * k)! u’ =u cosa -k —ie"(a, k,u)

where we defined €“(a, b, c) := e“**Va,bsc,. We obtain finally

sina - k

Al(xz) =2QRe 2/ A® (k) 6(k - u)e *= <u“ cosa -k —ie'(a, k,u) > . (2.11)

a .
The Maxwell tensor is then easily computed,
FH(x) = 4QRe/d<I>(k) 5(k - u)e~ k= <k[“u”} cosa -k — %e"”’”k[pug] sina - k:) ,

(2.72)
which is equal to the F},, we had in the purely spinning case with ¢ = 0.

Furthermore, starting from (2.72) we can also confirm the expressions (2.54) and

(2.55) in the 6 = 0 case. Projecting on a spinor basis, these are found to be

$YKT (@) = oM o Fp ()

= 2v2Q Re / AD (K)o (k - u)e ™ *@=De .y |E) o k) g (2.73)

= (bSEUL (x - a)?
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we report the negative-helicity spinor too
qza\./g(err (.7}) — 6MV@BF,LW ($)
— 2,20 Re / BRI (k- we F e kb, (2.74)
_ Coul.
- ¢aﬁ (ﬂf + CL),

matching the expressions first obtained in [108].

Notice again that the action of the Newman-Janis translation on the Maxwell spinors
v Kerr (5\/ Kerr
B af dB

is a translation of gba(_j;“l' in the opposite direction. This is in contrast to the more
complicated structure at the level of the field strength (2.67). We see that the notion

of chirality is intimately related to the structure of the Newman-Janis shift.

is beautifully simple: ¢ is a translation of ¢S§‘ﬂ' in one direction, while

2.3.3 Duality rotation

To investigate the effect of the EM rotation on the fields, we take a to zero,

S So.— So.0 — So.—
(FM (2)) = 2Q 0 u”] [07”2 0,-6 } — QP u,y {079 5 0 9] : (2.75)
Substituting the value of the scalar integrals,
2 2
(F™(z)) = 2Q cosh 6 8lFu! [@2(”)] — @ sinh 0 €770, u, [@(p )] , (2.76)
TP 2mp

where p? = 22 — (x - u)2. In the region p? > 0, we can Wick-rotate back to Lorentzian
signature. The duality angle transforms as # — i6 and so cosh — cosf and sinh 6 —
—isinf. This factor of ¢ is absorbed by the continuation of the volume form to

Lorentzian signature, yielding
(FHM)y = cosO FL, | +sinf xFL . (2.77)

As expected from a electric-magnetic duality rotation, we find that (2.50) mixes the
field strength tensor with its Hodge dual. The result is a dyonic field where some of

the electric charge has been traded for magnetic charge.



Chapter 3
Black holes from the double copy

In the previous chapter, we saw how three-point amplitudes in QED give rise to the
classical electromagnetic fields. This serves us in two different ways. First, the argu-
ments used in electromagnetism will be translated into gravity in the present chapter,
exposing the relation between three-point amplitudes in gravity and the linearised grav-
itational field. Secondly, the gauge amplitudes and fields derived in the previous chapter
provide the necessary building blocks to obtain gravitational equivalents via the double
copy. At the amplitudes level, one can obtain the gravitational 3-point amplitudes
as simple products of 3-point electromagnetic amplitudes. The resulting amplitudes
represent gravitational fields in the classical limit. Consequently, the amplitudes dou-
ble copy will generate classical double copy relations at the level of the fields. Within
these classical relations, we can identify previously known classical double copy struc-
tures that had not been directly related to the amplitudes double copy. For example,
we provide an on-shell momentum space version of the convolutional prescription of
[70,74,75,103-105]. Another natural question is why some solutions admit a double
copy interpretation that is local in position space (i.e. not written as a convolution),
as in the Kerr-Schild double copy [97] and the Weyl double copy [99]. We provide a
connection between the properties that allow some solutions to have local double copy
structures and their point particle nature.

One difference with the previous chapter is that we will retrieve the gravitational
amplitude from the double copy. Our previous work showed how the electromagnetic
amplitude (2.52), which includes both spin and duality angle parameters, generates
classical fields sourced by isolated static point-like particles. Analogously, the dou-
ble copy of (2.52) yields the three-point gravitational amplitudes that seed linearised
gravity solutions sourced by static point-like objects. For three-point amplitudes, the
double copy takes a particularly simple form in which the gravity amplitude is the

ordinary product of two gauge amplitudes,

Gravity ~ A, e (Far+0) s g gnr(ikartbr) (3.1)

54
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Recall that, generically, the left and right copies can be different. In particular, the left
and right instances of (2.52) can have different helicities and different duality angles and
angular momentum, generating an interesting interplay of helicities and parameters. As
motivated in the introduction, the combination (nz,nr) = (£1,+1) corresponds to a
graviton emission amplitude and generates a linearised graviton field. If both helicities
contribute equally, the resulting field will be real. The mixed helicities, (nr,ng) =
(£1,F1) source the dilaton and B-field. Since we will restrict to d = 4, the B-field can
be thought of as a pseudoscalar axion field ¢ that can be combined with the dilaton
into a complex scalar field.

There is one complication regarding the scalar fields. At linearised level, they de-
couple from the graviton meaning that they do not appear in the linearised Riemann
curvature tensor. In different words, the usual Riemann tensor misses half of the de-
grees of freedom in (3.1). We propose a solution which relies on encoding the dilaton
and axion as torsion degrees of freedom in a metric-affine connection. The resulting
connection gives rise to a Riemann tensor with fewer symmetries but which contains
all the NS-NS fields at linearised level. Intuitively, the prescription assigns a geometric
meaning to the scalar fields, putting them on the same footing as the graviton.

In a similar fashion to the gauge amplitude, the left and right duality and spin
parameters give rise to different transformations on the gravitational side. Let us define
a=ar+ar and Aa = a;,—ap, and likewise § = 0, +0 and AO = 0;,—0r. Of these four
parameters appearing in the linearised gravity solution, only the parameters a and 6
appear in the graviton components, whereas only the parameters Aa and Af appear in
the complex scalar and its conjugate. Due to the fact that A, A_ is a constant (i.e. k-

independent), as we will review later, the complex scalar is generated by e’ k-BatAd

—itk-Ba=A0  Focusing on the duality parameters 6, the effect of 6

and its conjugate by e
is to perform a gravitational Ehlers-type ‘electric-magnetic’ duality transformation of
the metric [6,90,148], whereas the effect of A6 is to perform an axion-dilaton duality
transformation, well known from supergravity. Likewise, a performs a Newman-Janis
shift on the graviton, whereas Aa performs a similar transformation to the complex
field.

We believe the notion of the double copy present in this chapter is the most faithful
representation of the double copy at a classical level (perhaps with the exception of
the self-dual double copy). Its quantum origin ensures agreement with the amplitude
formulations of the double copy. It admits dilaton and axion fields, which can be
sourced by picking different left and right single copies. Also, it can explain some of
the known examples of classical double copy procedures. Unfortunately, this notion of
classical double copy is limited by the class of point-particle solutions chosen, and the

fact that our exploration does not go beyond the linear level.
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3.1 Generalised curvature and NS-NS fields

As we have seen, the full double copy of Yang-Mills theory is not only pure Einstein
gravity, but NS-NS gravity. Besides the graviton, this theory includes a scalar field ¢,
the dilaton, and a two-form field B,,, known as the B-field or the Kalb-Ramond field.
A complete classical double copy map should include all three fields on its gravitational
side. Examples of such maps have been found using double field theory, both for certain
exact solutions [5,149-152] and for perturbative solutions [153,154]. In all these studies,
the maps are written in terms of fields, in contrast to the Weyl double copy, where the
map relates curvatures, which are gauge invariant at the linearised level. In this section,
we will address this challenge by defining a generalised curvature that packages all the
NS-NS fields in geometric degrees of freedom, yielding a natural object from a double
copy perspective.

The standard notion of geometry in general relativity, a (pseudo-)Riemannian man-
ifold (M, g) endowed with the Levi-Civita connection V, can be generalised by relaxing
the requirements on the connection. If we allow the connection to have torsion, while
insisting on metric compatibility, the result is classified as a Riemann-Cartan geometry.

Consider a d-dimensional manifold M equipped with a metric g,, and an affine

connection ®. In a coordinate basis, the covariant derivative acts on a vector V as
V=0,V 4T,V (3.2)

In general, the affine symbols I'¥;,, do not have to be symmetric. Their anti-symmetric
vp) - We will take (M, g, D) to

be a Riemann-Cartan manifold by requiring the connection to be metric-compatible,

part is the torsion tensor, TH,, = %(F“Vp —TH,) = I

Drguw =0.
This condition constrains the affine symbols to take the form
I, = {;;)} + K", (3.3)

where the first term denotes the standard Christoffel symbols of the Levi-Civita con-
nection and the second, a tensor called contorsion, must satisfy K,,,, = —K,, . It can

be written uniquely in terms of the torsion as

1
K", = 3 I (gor T, + 9or T + 90 T,) - (3.4)

The generalised connection defines a generalised Riemann tensor, which in our conven-
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tions we write as
Ry =D, — D02, + T, T7,, — T2, T7,, . (3.5)

It is important to note that this tensor does not have the symmetries of the usual
wwlpo]s DUt Rywpe # Ry due to the
lack of symmetry in the last two indices of the contorsion. Using (3.3), it can be shown
that

Riemann tensor. It satisfies R p0 = Rujpe = R

Ry = Ry + VKA, — VK, + K*,K",, -~ K*,K",, (3.6)

where V denotes the Levi-Civita connection and RWUA its Riemann tensor. In gen-
eral, R will denote curvatures with torsion, whereas R is reserved for the standard
Riemannian curvatures of the metric.

Riemann-Cartan manifolds have extra geometrical degrees of freedom in the contor-
sion. These degrees of freedom can be used to accommodate the NS-NS fields, giving
them a geometric status in analogy with the metric. The dilaton is assigned to the

trace of the contorsion while the B-field is related to its fully antisymmetric component

4r¢ 2K

KHt, = EEC L
P Pd—-2)Vd—1

K _
N (0"0 00 = Gup 9" 059) (3.7)
where H = dB is the curvature of the B-field and x is the gravitational coupling
constant. The contorsion (3.7) was chosen such that the Ricci scalar is

4 12 K2 _8no 4rd—1
—R_— ™ Py~ D emaa g, e p VO T S .
R=R d_2V“¢V 0] 3¢ Lwp + 1_2 VIV .0, (3.8)
the motivation being that 4/|g| 2R is equivalent to the usual NS-NS Lagrangian density

in the Einstein frame, up to a boundary term:

2 [ 4k2 K _smo v
S = /-;Q/d /|9 (R— ﬁvuqsvﬂﬁb— 12° =2 HyypH" p> ’ (3.9)

= ;/dd,«p\/@ R . (3.10)

Similar constructions have been proposed since the discovery of the NS-NS action [114].
Although the originally proposed connections were not metric compatible, they also
assigned connection degrees of freedom to the dilaton and B-fields. This motivated
a series of works trying to recast higher-order terms of the bosonic string Lagrangian
exclusively in terms of generalised curvature invariants [155-158]. A similar connection
is also used in the context of double field theory [159]. A metric-compatible connec-
tion was later introduced in [160], which, together with a non-parallel volume element,
reproduces the NS-NS Lagrangian in the string frame. Other generalised connections,

also metric-compatible, have been used to endow Einstein-dilaton gravity with a geo-
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metric interpretation [161,162]. A drawback of these geometric formulations of NS-NS
gravity is that, in order to obtain the correct equations of motion, one needs to im-
pose artificial constraints on the torsion [163]. For example, the totally antisymmetric
component, which we set proportional to H,,,, is not completely free, since H must be
exact. Hence, the geometric interpretation of the massless modes is not entirely clear
[164].

We are primarily interested in the curvature at linear order in the fields. Starting
from g, = N + K hy , and expanding to linearised order, we obtain

. o 4Kk - 2K .
R = —2k0),0°h,7 + - 5,109,007 ¢ + ﬁ(‘?{#@[f’By] I (3.11)

(d—2)vd—1

In d = 4, the field redefinitions

¢ — \éggé, B — V3B, (3.12)

simplify the factors to reduce the linearised Riemann tensor to
R = =2 (01,0007 — 6,100,106 - 6,00B,7) . (3.13)

This expression highlights the fact that the generalised Riemann packages all the NS-
NS fields. At this order, the packaging can be taken one step further by using the ‘fat
graviton’ defined in [73] !

fJuu = huy - Buu - ng (2¢ + b) ) (314)

where b, is the trace-reversed graviton and PJ, is a projector

1 1 40y + @0y
h/—LV:hHV_ihnHV s P'g,/: 5 (U“y—q.a . (315)
The constant auxiliary null vector ¢* is related to gauge choices. In fact, the terms
involving ¢* drop out of the gauge-invariant curvature, which can be written as the
compact expression

R’ = —2k 0,09, . (3.16)

In this sense, our generalised curvature is the ‘fat Riemann’ associated with the ‘fat
graviton’.
There is yet another way to rewrite (3.13). In four dimensions, the two-form B,

can be traded for a pseudoscalar axion o, defined by

H,,= —62‘/§¢6#Vp0800 . (3.17)

!Some factors differ from [73] due to different normalisation conventions.
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At linearised order, the exponential in the expression above equals 1, and the fat

Riemann is
R = =25 (0,00 hyy = 6,00,076 + ¥ ,0,1000 ) (3.18)

Later in the chapter, we will see how the different products of gauge theory am-
plitudes are related to the different components of the generalised curvature. We will
work in d = 4, where it is convenient to use the spinor-helicity formalism for the ampli-
tudes. The relation between the amplitudes and the generalised curvature is, therefore,
much clearer if we also express the latter spinorially. As described in appendix B, the
generalised Riemann tensor can be decomposed into spinors as

Raaspyios = Kaps €ap €55+ Kapss Cas €6 (3.19)

+ P55 € €5 T Ppps €aB €46
where we use the bold typeface in order to distinguish the spinors from those of R.
The spinors X g+, ®,, 546 and their duals are symmetric in their first and second pairs
of indices. Recall that, generically, R, 60 # Rpour - This asymmetry implies that
Xapys 7 Xysap and @ 846 =+ (I"'y $a - Since X3¢ is not completely symmetric, it can

be reduced further as

Xapys = Wapys — 2 (Ea(,y €5)8 T 25(7 eg)a) + A(€ary €85 + €as 657) , (3.20)

where W35 and X,g are completely symmetric. A similar decomposition holds for
X af4é - Restricting to linearised level, we can compare the right-hand side of (3.19) to
the right-hand side of (3.13): the first line of the former corresponds to the graviton
contribution, whereas the second line corresponds to contributions from combinations
of the dilaton and the axion (which is the single degree of freedom of the B-field in

d = 4). We will make this more explicit in a later section.

3.2 Double copy map

Armed with the appropriate background on the geometry of the generalised connection,
we are ready to relate it to scattering amplitudes. Following the spirit of (3.1), the
gravitational amplitudes will be obtained from the double copy map for three-point
amplitudes

i AL A(R) (3.21)

_4Q2 Cnrnr g g

MWLWR -

where there are four choices for (nz,nr):

(+’+)7 (_’_)’ (+’_)7 (_’+)‘ (3‘22)
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These correspond, respectively, to the gravity field being: positive-helicity graviton,
negative-helicity graviton, complex scalar (dilaton and axion), and conjugate complex
scalar. In general, we allow for four independent couplings ¢,), ,, of our massive particle
to these gravity fields. Any choice of these couplings will lead to a linearised gravity
solution. In practice, we will be most interested in the case where the particle couples
equally to the two chiralities, in which case we take cy+ =c__ and ¢y =c_5.

The generalise curvature tensor will play the role that the field strength played in
gauge theory. The similarities between the two objects can be already seen from the

operator mode expansion
RAPT — 4k Re / d@(k:)[ S anunn el ()R (k)R e h (3.23)
NLMR

The operator version of the linearised spinor coefficients is computed by contracting

the curvature with the sigma matrices [165]

Xagys = 0" g0 35 Rupo + Kgss = 05" R (3.24)
Popss =" as &piﬂi Rupo P05 = 6Wa,3"7p075 Ryuwpo - (3.25)

These contractions are easily computed applying (A.8) and (A.9). The resulting spinors

are
Xopys =2k Re/dcp(k) a——|k)alk)g|k) k)5 e (3.26)
X555 = 20 Re [ AD(E) a o blalhlfhls ] = (3.27)
P55 = 2K Re/dcb(k) a— |k)alk)glkls (k|5 e * ", (3.28)
D55 =25 Re/d(l)(k) ay— [klalk|glk)y k)5 e . (3.29)

To link these objects to the amplitudes (3.21), we would like to use the equivalent of
(2.29) for the NS-NS fields. Graviton self-interactions could spoil the exponentiation

present in electromagnetism. Clearly, there are additional diagrams in gravity, for
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example at four points we could encounter the diagram

which involves a graviton three-point interaction. However, self-interactions of gravi-

tons are suppressed compared to the dominant diagram

where the gravitons connect directly to the massive line. The reason is simply that
the graviton self-interaction involves powers of the momenta of the gravitons, while the
coupling to the massive line involves the particle mass. Since the particle mass is large
compared to the graviton momenta, we may neglect graviton self-interactions. We may
also neglect contact vertices (as in electromagnetism) for the same reason.

This does not mean that all self-interactions of the gravitational field are eliminated.
The metric quantum operator has a perturbative expansion which includes these self-
interactions. The expectation value of this all-order operator on our coherent state
reproduces the classical metric. Notice that the coherent state is gauge invariant, while
the quantum operator may not be (in quantum gravity, only asymptotic observables
may be associated with gauge-invariant operators). This procedure would allow us to
perturbatively construct the Schwarzschild metric, along the lines of [166-168] but in
a manifestly on-shell formalism; see also [31] for an alternative approach based on an
intermediate matching with an effective theory of sources coupled to gravitons. We
restrict ourselves to the first order and leave this programme for future work.

In conclusion, it can be shown that the same arguments described in section 2.1.1

apply also to linearised gravity [1,3]. From this, it follows that the final state is also
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coherent,

i) = ¢ [ @@ exo | [ aaisep b

(ZM e () @ (& >>]rp>,

TLMR

(3.30)

which is analogous to (2.28). The exponentiation of the gravitational amplitude implies

that .
anLﬂR(k)S’w> = 5(217 : k) iM—UL7—UR(k) S\W
_ LSW (3.31)
N 5a1T7L77R(k) '

Equation (3.31) implies that we can easily exchange annihilation operators for am-

plitudes inside expectation values, so that we find

(RHP7) = 4k Rei / dd(k)6(2k - p)[z My —np e (kK (k)kT ek
n
(3.32)

The same can be done in the spinor coefficients. The application of the map (3.21)

results in

2 ~
Xais) = =" Re i [ a0p- k) AL AL k) alb)slbeliyp e (333

v K“QC—— —z T
Rapod) =~ S Rez/dcp 5(2p - k) AP AP [kl k] [kl Bl e, (3.34)

HQC+,

2Q2

=~ I€2C +

<<Dd,376> 2 QQ

(®,555) = Rei [ av()dp - £) ADAD [ albhalkl ke ™, (339

Rei / A0 (k)3(2p - k) AP AP [klalkl s k)olkyp e . (3.36)

The above expressions make it clear that every quadratic term in the amplitudes sources
a different component of the spinor curvature. The double copy structure is remarkably
explicit when comparing with the gauge field spinors (2.31) and (2.32). Moreover, we
can obtain the equivalent of (2.54) and (2.55) by considering the gauge amplitudes

./4 (L) — —ZQ( ) n(0p+ik- aL)

A (R) — _90)(p- ey)e’ n(@n-tikar) (3.37)
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which under the double copy map implies that
(Xaprs(a)) = (XN — a))

(X p55(@) = e V(XMW (@ 4 a)) |

(3.38)
(®,505(2) = >/ (@N V(2 — Aa)
<‘i)c3t,376(‘r)> = 6_A0<(i>i.g¥(l‘ + ACL» )
where we have defined
0 := 01, + OR | A :=0; —0g , (3.39)
a:=ar + ag, Aa:=ar —ag. (3.40)

The superscript JNW refers to the solution where both single copies are Coulomb.?
Notice that, at linearised level, the first two spinors in (3.38) match those of the
Schwarzschild solution. The various parameters are elegantly distributed over the differ-
ent spinors. The parameter a corresponds to the spin of Kerr, and appears as expected
via the Newman-Janis shift, while 6 corresponds to the split signature version of the
rotation between the mass and the NUT parameter; together, these two parameters
correspond to the Kerr-Taub-NUT solution. The interpretation of the spin parameter
as a translation, complex in Lorentzian signature, was discussed in more detail in [108].
Note that the limit § — 400 kills one of the chiralities of the Weyl spinor, and the
Weyl tensor becomes (anti-)self-dual.> The same happens for the parameters 0r,r of
the single copies. If one of the single copies, say the left one, has 8, — +o0, the double
copy will also be (anti-)self-dual unless 0 scales in the opposite way.

The parameters Aa and Af correspond, respectively, to a novel type of Newman-
Janis shift for the axion and dilaton, and to the standard axion-dilaton supergravity
duality transformation.

The spinor language is better fitted for displaying the double copy, but it is instruc-
tive to think about the dilaton and axion. We can map (3.32) to the field degrees of
freedom using (3.13), together with the mode expansions of the fields

W =2Re» / AP (k)any (k)ek (k)ey (k) e (3.41)
n

¢ =2 Re / A® (k) ag(k) e * (3.42)

2The meaning of the superscript will become clear in section 3.3.
30ther parameters must be suitably scaled to keep the solution finite.
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B* =2 Re/dfb(k) ap(k) (e (k)e” (k) — " (k)e¥ (k) e ™ . (3.43)
Substituting in (3.13) implies that equation (3.32) can be re-expressed as
RAPT = 4k Re / A (k) [Z anlt (k) kel () k)
n
+ ag KPPkl 4 ap k[“(&tﬂe[f — €i]€[f:)k"] e R (3.44)

The first term in the second line of (3.44) needs simplification. This is achieved by

expanding the flat metric in terms of the null tetrad
kool = plugtlelogol — pluglelogel (3.45)

Comparison to (3.23) implies the following relations between annihilation operators

ayy = a4 , a—+ =agp+ap, (3.46)
a__=a_, a_y =ay—ag ,
and consequently the gauge and gravity amplitudes are related by
Moy 47/222 Cnn A%L) A%R) )
Mo= 155 5 (e APAD o ABAPY (3.47)
My =g L (s AP e AD AP

In the next sections, this prescription will be put into practice to compute the classical
fields obtained by double copying the amplitudes discussed in section 2.3. From now on,
we will restrict to the case c;4 = c—_ and c4_ = c_4 since these solutions naturally

continue to real solutions in Lorentzian signature.

3.3 Explicit solutions

3.3.1 Duality rotation

It is time to provide concrete example solutions. Consider left and right amplitudes
that differ in their EM duality angle,

A%L) = —2Q(p - &),

3.48
A = —2Q(p - ey)e’™, o
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the effect of this difference will be a rotation between dilaton and axion. The double

copied amplitudes are obtained by applying the map (3.47),

My = —cyprmm?(u- 577)2 e’
Md) — m%p2 cosh Af = % cosh Af y (349)

R

KRCy—

Mp = TpQ sinh Af = sinh A6 |

m
2

where we use ¢ as a shorthand for kcy_m. To test the effect of the rotation on the

metric, let us compute the transformed Weyl tensor,

(WHP (2)) = —45* Rei cyy m’ / dD (k) §(2k - p) e [ (e - w2kl Rl

+(e— - u)zk[“ai]k[psi] e*ﬂ
(3.50)

A little algebra shows that this can be rewritten as
(WHPo (1)) = —4 k* Rei ey m? /d@(k:) 5(2k - p) e k@

]
(3.51)

The first term, with the hyperbolic cosine, corresponds to the Schwarzschild solution,

x [coshe_ (kwukuvl ; ;k[“n””"k"]) -1 sinh g e (kmk[pm T ;khé[{’k"o .

which we will denote Wé‘ Cl;f;j . Making use of this notation leads to the compact result
- _1
(WHP7) = cosh 6 WG — sinh§ 5 e ™ WS- po (3.52)

The second term represents the dual of Wgey., in analogy with the result of section
2.3.3. We conclude that the angle 6 indeed rotates the mass and the NUT charge of
the solution [6,90].

The Weyl tensor we have computed represents the graviton degrees of freedom in
RHYP  The next step is to obtain the classical expectation value of the dilaton and axion
degrees of freedom. Instead of computing the corresponding components of R**P7. we
will obtain the field profiles (¢) and (o) directly.

Let us start with the classical expectation value of the dilaton field, (¢) = (1|SThS|v)).
The result is obtained by application of the field operator (3.42), together with the co-
herent state exponentiation (3.30) and the amplitude given in (3.49):

(6(z)) = Em cosh A Rei / AD(k) 3(2p - k)e~ kT (3.53)



CHAPTER 3. BLACK HOLES FROM THE DOUBLE COPY 66

Performing the integration as in (2.56), we obtain

(6(a)) = & cosh g 2 (3.54)

1
.
The axion field requires a bit more work. Recalling (3.43) and taking a derivative,

we quickly find

(Hpp(2)) = (30,,B,)(x)) = 3 sinh Af Re / a0 ()5(u - K)kyeey e . (3.55)

At this stage, it is very helpful to note that

Pk et = A1kl ef ek ete = — ki (3.56)

o] pCo] —

Hence,
(T H, o (1)) = —3¢ sinh Af Re / AD(k) §(k - u) ki =ik

2
— 3¢ sinh A" (Wl) .
4T p

(3.57)

This expression provides direct information on the axion o. To see how, note from
equation (3.17), expanded to leading order, that the relation between H and o is
simply

Hyp=—€uwpe 00 = """ H,p, = =310"0 . (3.58)

Comparing with the previous expression, we find

0(p*) 1
8t p

(o(x)) = ¢ sinh A (3.59)

3.3.2 Newman-Janis shift

Now we turn our attention to the spin parameter. Just as we did in the previous
section, we can use the prescription (3.21) to source an axion and a dilaton. However,

we now consider products of gauge theory amplitudes with different spins

AP = —2Q(p- ey, 560,
AS?R) =—-2Q(p- sn)em“R'k.
These yield the following gravity amplitudes
M,y = —kcprm?(u-ey)?e @k
My = 67m cos(Aa - k) , (3.61)

Mp = 77” sin(Aa - k) .
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Once more, the graviton components of the fat curvature tensor found in (3.32)

reduce to the Weyl tensor
WHP? (z) = 4k ey Re i / A (k)8(2k - p)e ™ 3" Myl k1l ke (3.62)
n

It is not difficult to see that this matches the classical computation with a spinning

source. The linearised equations of motion are

v v « 12 v 1 17
2 () = —k P 0T (z), PP o5 =00 ,0" 5 — 71" s (3.63)
with the following stress-energy tensor for Kerr [108,147]
TH (z) = 4m/d7' ultexp(a * 8)V)pup5(4) (x —ur). (3.64)

Solving (3.63) with the usual boundary conditions, we find the linearised metric

R (z) = —2 K m*Rei / A®(k)o(p - k)e kT PH g ul®exp(—ia * kz)ﬁ)pu”

= —mmzRei/dCI)(k)S(p- k)e ke [(u“u” - ;W”) cos(a - k) (3.65)
() (5 Sin(a . k)
iu\te” (a, k,u) — % |

from which the curvature can be computed. After some tedious but straightforward

algebra one finds

WHPS (1) = —4 k2m>Rei Z/d@(k)S(Qp . k)e_““‘(es77 . u)gk[“sli]nk[pai}nemk'a. (3.66)
n

The result matches the one we obtained from amplitudes upon setting ¢y = 1.

For the dilaton and the axion, the calculations are formally analogous to the ones out-
lined in 3.3.1, except that now we have momentum-dependent trigonometric functions
which characterise the spin mixing. For this reason, we omit the explicit computations
and report the final results. We find for the dilaton

Rei/d@(lﬂ) S(u - k)e ™ cos(Aa - k)
(3.67)

Col Oy DO O

(Saa0(z) + S-nra0(2)),

referencing the definition of the scalar potential (2.56). The axion is instead given by

(0 Hope(0)) = ~329" Res [ Q0(6) 50 0) e sin( B 1), (3.68)
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telling us that the scalar o is, at leading order,
(o(x)) = Rei/dfb(k) 5(u - k)e ™% sin(Aa - k)
(3.69)

ol O DN

(SAa,O(x) - S—Aa,O(m)) :

3.3.3 Comparison with known solutions

Some of the linearised solutions that we have found from double copying amplitudes
are known exactly in the literature.

When all four deformation parameters are zero, both single copies represent Coulomb
particles. The resulting gravitational solution has vanishing axion and NUT charge
and corresponds to a linearised Schwarzschild metric and a ‘1/distance’ dilaton profile.
The solution discovered by Janis, Newman and Winicour (JNW) [109] has the same
characteristics at linear level. The JNW solution is a static, spherically symmetric
deformation of the Schwarzschild black hole with a dilaton field.* These characteristics
make JNW a natural candidate for the double copy of the point charge, a relation that
has been confirmed using a variety of perturbative methods [5,39,73,106]. In chapter 5
we will show how to establish an exact double copy relation between JNW and Coulomb
using tools from double field theory [5]. Additionally, the simplicity of JNW will prove
useful to check for the existence of a double copy relation in position space in section
3.4.

The linearised solution of subsection 3.3.1, which has generic § and Af corresponds
to an axion-dilaton Taub-NUT black hole, which is known exactly; see (17), (19) in

[169]. It is instructive to check that our results agree with the linearisation of the known

solution. There, dilaton and axion are given as®
A? e(A? —1)
et =(l+e )62A25+1 ’ 7= €2A20 41’ (3.70)
where R
A=1-22
R )

& Ry is the charge of the dilaton and € is a duality rotation parameter between dilaton
and axion. Notice that R is the Lorentzian equivalent of p. At linearised level, the
fields decouple and the metric is equivalent to Taub-NUT. Expanding at linear order
the other fields and defining ¢ = — tan %, we find

0 )
qﬁzcosAQ% , a:sinAG%. (3.71)

4Note that for non-vanishing dilaton charge the JNW spacetime contains a naked singularity. This
naked singularity is not surprising because the uniqueness theorems prevent a scalar-hair deformation
of the Schwarzschild solution.

SIgnoring factors of v/3 that can be absorbed into § at linear order.
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Our solution (3.54), (3.59) agrees with this up to an overall constant (¢ = 1676 Ry).%
Then, Af is just the parameter inside SL(2,R) that generates linear rotations between
dilaton and axion.

In the special case where 6 = 0r both single copies are identical, and we have no
mixing: Af = 0. From (3.49), we see that this implies that the axion will vanish, leaving
a linearised solution that would be the equivalent to Taub-NUT plus the dilaton. In
[169], this corresponds to (17) and (18).

On the contrary, if §g = —@r, 0 vanishes and the resulting metric has vanishing
NUT charge. The result is a linearised Schwarzschild metric plus axion plus dilaton,
corresponding to the linearisation of (10) and (13) in [169].

The solutions considered in subsection 3.3.2 involving spin are not so well understood
in the literature. There have been attempts to apply a Newman-Janis shift to the JNW
solution, with the prospects of obtaining a spinning generalisation. However, these
claimed generalisations fail to satisfy the Einstein-dilaton equations of motion [170].
Although linear, our solution might help to find a satisfactory generalisation of the
JNW metric with spin. For pure Einstein gravity, A§ = Aa = 0, the metric corresponds
to the linearised equivalent of the Kerr-Taub-NUT metric in split signature. Recently,
this metric was derived from the usual Lorentzian line element by a Wick rotation
[143,144].

3.4 The classical double copy in position space

3.4.1 Weyl double copy

We have found expressions that exhibit clear double copy relations in on-shell momen-
tum space, but we are interested in finding out whether these straightforward double
copy relations can be carried over to position space. In particular, our goal is to see
how the position-space Weyl double copy relations [99] emerge from amplitudes map
(3.21). In most of this section, we will set ar, g = 0, r = 0, since this simple scenario
is enough to illustrate most of the points. To simplify the discussion, each term in the
expectation value of (3.44) will be analysed individually. We will omit the axion term
since it vanishes when ar, r = 01, r = 0.

First, we shall consider the terms associated to the graviton amplitude, which we

will denote by /(W upo- This is precisely the Schwarzschild Riemann (and Weyl) tensor

6 After rotating back to Lorentzian signature, the hyperbolic trigonometric functions turn into stan-
dard trigonometric functions. Additionally, one has to continue o — io due to its pseudo-scalar nature,
which cancels the factor of i from the sine. The factor of 16 takes into account a factor of 2 generated
by the analytic continuation of the propagator (A.25).



CHAPTER 3. BLACK HOLES FROM THE DOUBLE COPY 70

considered in [3]. It can be obtained from (3.51), setting = 0,

. . 1
(R #P7y — 4 Re im?K? / A® (k)6 (2k - p)e*® <k[ﬂuV1k[Pu‘ﬂ + ik[“n”ﬂpk“]
(3.72)
The second term in the brackets makes the expression traceless. Alternatively, we can

write

TANW

(R 1Py — 4 PEPT Re i m?x? / d®(k)o(2k - p)e~ kTN (3.73)

where Pf/'\jgg projects out the trace, as in the definition of the Weyl tensor

WHve — Pﬁ;/;g RT)\nw ’
(3.74)

vpo 3 v (o2 o| SV v (e 1 oV
Pime =5 (5’#%55% - 5¢5[f5n]5w> +29m03'9"10] + 5 9r 920 g g7
Next, we can take the factors of k outside the integral as derivatives
(R me7y — 4m?? LT QT uN Ol Re i / d®(k)5(2k - p)e
' (3.75)
= 2m K* Py A uN oyl Re i/d@(k)é(k u)e R
For positive ¢!, it can be checked that
; S —ik-x 1[5, e
Rei [ d®(k)o(k-u)e =-3 d’k T (3.76)

The integral on the right is performed over the three-dimensional subspace of momenta
orthogonal to the worldline k- u = 0, so k, = (k1,0,ks,k4). This prescription will
be used for the rest of this section. Additionally, the divergence is resolved by the ie
prescription (k)2 = (k* + i€)? — |k|2, which selects the retarded contour. Substituting

in the Riemann tensor and taking the derivatives inside the integral, we get

—tk-x
<%(h) ,uup0> - m /12 P:—L)I\ISZ / a3k %khu)\]k[nuw] . (377)

This already looks like a double copy of the field strength tensor

e*'ik-:r [ ]
2 kWt (3.78)

FH(z) = —2Q/&3k
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To obtain a concrete double copy expression, we introduce a delta function
R R R eAdhz
<m(h) m/pa) _ ’I?’L/%2 Pﬁ;ﬁj/dgk d3q 53(k, _ Q) 5 k[TUA]q[”]uw}
— m/iQ Pﬁ;\’gg/d?)k d3qd3y e —iy-(g— k‘) k k:[’T Al [nuUJ] (379)
= —mkK Pf;\'gg/d?’ /d3 ko /d3q e~ W aglnywl

The last line is already a convolution of F™ with the integral in g. To complete the

calculation we will need the scalar field and its formal inverse

. —ik-x R .
S(z) = —/d3k < el S7Ha) = —/d?’ke“f'z K (3.80)

satisfying”
(S5 (2) = 3(t1)5%(x). (3.81)

We emphasise that the expression for S~! is only formal, due to the divergence of the
integral. S~! is really defined distributionally, acting via the convolution. It will always
appear in convolutions where this divergence is cancelled, yielding a finite result. The
calculation can be carried out following a strategy similar to the previous one. Inserting

a delta function and a factor which equals 1 on its support, we have

TANW

(h) pvpo pvpo 3 33 e~ ihle=) [r. Al
(R peoy — P d’y dkau
2

/ d3qd’l 5([ —q) fﬁe_iy'qq[”u“}

. —ik-(z—y)
— — mr2 P / a3y 432 / a3k 6Tk[%ﬂ

TANW
| : N
/dgq q2 e_ZQ'(y—Z)q[ﬂuUJ] /d3l l2 e—zl z

(3.82)

Finally, we recognise another convolution,

(R o (1) — 5 g (FTA oS to F”“’) (z) . (3.83)

4622 TANW

We conclude that this contribution of the Riemann tensor is the convolution of two
copies of the field strength tensor with an inverse power of the scalar field. We re-
mark that the convolutions are performed over a 3-dimensional subspace of spacetime,
reflecting the fact that all our solutions are independent of 5.

The convolution we have obtained is the most natural operation from the point of

"The symbol o denotes convolution: (f o g)(z) = [dyf(y)g(z — y).
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view of the double copy [70,74,75,103-105]. However, we know that for some cases
(like Schwarzschild) the relation must factorise in position space, turning convolutions
into ordinary products. In this factorisation, the projector plays an important role.
On its own, F o S~! o F does not factorise, but the offending terms are pure traces
that are projected out by P, leaving a neat factorised expression. In order to gain a
better understanding of this, let us go back to (3.77) and take the derivatives out of
the integral:

e—zk~x

k2 (3.84)

<9‘i(h) HPTY — Pf:,’;’g@hu)‘]a[nuw] /&%
= mx? Pf/l\/gzahu)‘]@[nuw] S(z) .

The crucial point now is that the double derivative acting on S(z) factorises into single
derivatives under the contraction of the projector P, in the sense to be described
below. This happens in the strict interior of the split signature light-cone, where the
curvature is non-vanishing and type D. It is simpler if we first perform an analytic
continuation to (1,3) signature. Then, the interpretation of Kerr-Schild vectors in the
context of radiating point particles (see [37,171]) provides the necessary tools to show

the factorisation. First, we note that the analytic continuation of the scalar S(x) is

sug::41 (3.85)

TR’
where R can be interpreted as the retarded null distance between a point x* and a

static worldline y#(7) tangent to u*. Then, the Kerr-Schild vector is defined as

Y
Foh — MRWM . (3.86)
It is not hard to prove that
1
OR=u,—-K,, oK, = = N + K, Ky — Kyu, — Kyuy,) . (3.87)

These two identities imply

OuS = —4m S% (u, — K,,)

(3.88)
0,0,S = 3(47)? 5% (u, — K,)(wy — K,)) + (47)2S° (0 — wpuwy)
The last line can be rewritten as
0,0,5 =3 Ou5 05 + (4m)% S® (N — upuy) (3.89)

S

Upon substitution in (3.84), the contribution from the last term on the right-hand side
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of the expression above vanishes. Hence, we arrive at

3
Hvpa g, Al gln, ] — 2 _prrpo [ glry A [,
P 0 w0 S(x) = e P (8 u S(a:)) (8 u S(x)) . (3.90)

This expression completes the argument because the factors in parenthesis equal the
field strength tensor up to some constants,

2 A
<%(h)m,pg> _ 3K mpqua FTApnw |

P (3.91)

This relation is very reminiscent of the double copy, as the gravitational object (the
Weyl curvature) is constructed as the product of two gauge theory objects (field strength
tensors). The scalar S plays the role of the propagators in the amplitude double copy
and is often referred to as the zeroth copy.® The existence of such a simple relation
in position space implies that, at least for Schwarzschild, the double copy structure of
the amplitudes permeates to the classical solution. In fact, this double copy relation
was already discovered in the spinor structure of vacuum type D spacetimes [99] and
receives the name of Weyl double copy. Nonetheless, it had not been derived or linked
directly to the amplitudes double copy. It is worth remarking that, unlike for other
type D solutions, the Schwarzschild metric satisfies — a generalisation of — (3.91) in any
dimension, with the appropriate overall constant factor.

Above, we have presented the position space factorisation in the simplest example,
where the deformation parameters § and a are set to zero. Since the Kerr-Taub-NUT
solution is also type D, it satisfies the Weyl double copy and a similar factorisation must
happen for generic # and a. The proof is rather straightforward. The key observation
is that (3.90) holds also for S; g, since the effects of a and 0 are a translation and a

constant scaling respectively. Then, after some algebra, one can prove that

3 2 FIAFTIW FT)\FUW
(R oy — ﬁ4m79f;gg< —+ 1, (3.92)

where Fy and F_ are the self-dual and anti-self-dual parts of the field strength as
defined in (A.29). The result (3.92) is equivalent to the original Weyl double copy but
written in terms of curvature tensors instead of spinors. The tensorial formulation of
the Weyl double copy was also studied in [6,172].

Having seen how the graviton degrees of freedom in the curvature factorise in position

space, one might ask whether these similar position-space relations exist for the dilaton

8 As mentioned in the introduction, the zeroth copy is a bi-adjoint scalar field, but since we are
considering the linearised theory it corresponds to a bi-Abelian bi-adjoint field.
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contribution, which reads
(RO Heo (1)) = 2¢m K Re i / A®(k)6(2k - p)eFoplpVllogel (3.93)
On the support of the delta functions, we can write this as
(RO o (1)) = —2¢mk Re i / A®(k)b(2k - p)e~ k@ pAlupplle poly (3.94)

where fH =2 klFuVl. We can follow the same steps as before to obtain a position space

convolutional double copy

CK
2Q?

In contrast to what happened for the graviton contribution, these convolutions cannot

<9q(¢) quU(x» = (F/\[u 0S5 1o F,\[p)(a:) 5”](,—} . (3.95)

be turned into products. To understand why, we could proceed as for the graviton and
rewrite (3.94) as a second order differential operator acting on the Lorentz continuation

of S(x). Then, we would like to use (3.89) to accomplish the factorisation. The result

would be
n [ PRSI,
v CK U]A v v
RO, (@) = 3+ + (47283 (5{550} AL ]uo]) . (3.96)

While the first term exhibits a local position-space double copy form, the others do
not. Thus, the double copy of the dilatonic contribution is natural only in terms of
convolutions and it is non-local in position space. Interestingly, the JNW solution
admits an exact double copy interpretation in position space, based on a Kerr-Schild-
like construction in double field theory that we will review in chapter 5 [5]. However,
unlike the Kerr-Schild double copy for Schwarzschild, the dilatonic deformation makes

the relation non-local in position space.

3.4.2 Kerr-Schild double copy

Since we have performed a linearised gravity calculation, one might expect the classical
double copy relations obtained in the previous subsection to hold only at first order.
This is probably the case in the most general scenarios, when the axion and dilaton
are non-zero. However, if the scalar fields are set to zero, the Weyl double copy is
promoted to an exact statement for the Kerr-Taub-NUT family. The reason is that
the Kerr-Taub-NUT is part of a special class of metrics that linearises the equations
of motion. Hence, the linear solution is exact and all our linearised statements can
be regarded as exact. At the same time, this class of metrics exhibit a prominent

classical double copy structure, known as the Kerr-Schild double copy. Whereas the
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Weyl double copy applies to curvature tensors, the Kerr-Schild double copy applies
to the metric and the gauge potential. Once again, we will unveil the double copy
structure in the simplest example first, Schwarzschild.

The first step is to compare the linearised Weyl tensor (3.72) with (3.13) to deduce

the linearised metric in de Donder gauge

Juv = N + Hh,uu )

N . 1
- . —ik-x
huy = —km Rez/d@(k) dk-u)e <u“uy ) 77/”’) (3.97)

Km 1
=- S <uuu,, ~3 77W> .

Recall that S contains a Heaviside theta function ©(¢; — r) which determines the
physically meaningful region. We will restrict ourselves to the strict interior of this
region to avoid spurious divergences at the boundary. Under that consideration, S is

replaced by
1

2m /12 — 22 — y? '

Then, we apply the diffeomorphism generated by

9 12 _ 22 g2
=t (a5 ) . o)
T o

where r( is a constant needed for dimensional purposes. This complex diffeomorphism

S = (3.98)

is acceptable as a means of putting the metric in our desired form, but one can always

choose coordinates where the metric is real. The result is the linear metric

2

> Va2 + 12 guyznu,,—%gLL, (3.100)
where
t1dt; — xdx — ydy

L=dty+1 5

e (3.101)
The vector L has the properties of being null and geodesic with respect to 7, (and
hence also g,,). Spacetimes of the form (3.100) with L null and geodesic are known
as Kerr-Schild spacetimes. Their most important characteristic is that they linearise
the Einstein equation. Hence, (3.100) solves the Einstein equations exactly because

higher-order corrections vanish identically.
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Alternatively, the exact metric can be expressed in terms of real coordinates as
2

t1 > \/x2+y2 :
r™M

2
ds? = (1—4m5>dt’22—|—dt%—dx2—dy2+ A

(t1dt] — xdx — ydy)?
mSg o t-atoyr

(3.102)
using
£m & pdty — xde — yd
dth = dts — i - — = (3.103)
1 S \/ tl — T =y
Now it is clear how to extend the solution beyond t; > /22 + 12,
2 Km g 2
4

This gives us the final answer of the exact gravity solution, which represents the split
signature equivalent of the Schwarzschild black hole.?
The gauge potential can be put in a gauge resembling (3.100). Recall that in the

previous chapter it was found that
A (z) = Qut S(z) . (3.107)

Then, a complex gauge transformation inside the three-dimensional lightcone takes us
to ‘Kerr-Schid’ gauge
R t2 2 42
>Vt ry?:  AESD —Q8dt, — g dlog Y1~ ¥ =¥ (3.108)
Uy o
=QSL, (3.109)

where L is the same vector that appears in the Kerr-Schild metric (3.101).
There is a clear parallelism between (3.100) and (3.109). By doubling the vector L

and changing the coupling constants of the gauge potential one obtains the second term

9We could also write the line element in coordinates analogous to the Schwarzschild spherical coor-
dinates, but would have to split into spacetime regions. Inside the light-cone, with x = /17 — 2 — y?
and S = (27rx)71, we pick t1 = x cosh v inside the future light-cone and t1 = —yx cosh ¢ inside the past
light-cone, obtaining
2

2
t>a®+y: ds’ = (1 - “4m @(tl)s) dty” + 1#‘1% —x2(dy? + sinh® ¢ dgp?) . (3.105)
~Emg,

Outside the light-cone, with ¥ = v/z2 + y? — t2, we can write

11 <a®+y° 0 ds® =dth? — dx® 4 X7 (—dp® + sin® P dp?) . (3.106)
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of the Kerr-Schild metric. In this sense, we obtain the double copy of the Coulomb
potential by doubling the kinematic information (represented by L). This is an example
of another instance of the (exact) classical double copy, the Kerr-Schild double copy,
which applies not only to Schwarzschild/Coulomb but to more general (multi-)Kerr-
Schild solutions [97,173]. Like the Weyl double copy, these classical relations have been
known for some years, but they had not been connected directly to the amplitudes
double copy. Here, we have derived the Coulomb/Schwarzschild example from the
double copy of the corresponding three-point amplitudes. An equivalent argument
would hold for the Kerr-Taub-NUT family, which is of complex double-Kerr-Schild
type. That means that there are two Kerr-Schild terms in the metric, with different

null vectors, but the equations still linearise.

3.5 Summary and outlook

Chapters 2 and 3 explored the classical limit of the double copy certain three-point am-
plitudes in split signature. The KMOC prescription was used to compute the classical
electromagnetic field of a v/Kerr-dyon particle from the simple photon emission ampli-
tude with massive scalar legs. Then, the double copied amplitude (3.21) was used in
tandem with a metric-affine connection to produce linearised axion-dilaton Kerr-Taub-
NUT solutions. Although we performed the calculation in split signature to avoid the
cancellation of the three-point amplitudes in real kinematics, the final solutions can
be traced back to Lorentzian signature, matching previously known solutions. More
importantly, the double copy relation at the level of the amplitudes implies double
copy relations at the level of the classical fields. In particular, we identified two types
of classical double copies that are local in position space, the Weyl double copy and
the Kerr-Schild double copy. Importantly, in the absence of dilaton and axion, both
prescriptions can be promoted to exact relations owing to the existence of Kerr-Schild
coordinates. Both exact classical double copy prescriptions were available in the liter-
ature, but we have shown a precise connection to the amplitudes double copy for the
first time, pinning down the properties that explain the unexpected locality in position
space.

The remaining of this thesis is devoted to exploring the classical double copy. Our
previous findings motivate us to review the Weyl and Kerr-Schild double copies and
expand their domains of applicability. In this chapter, we derived the Weyl double
copy for Kerr-Taub-NUT spacetime, but it also holds for other type-D spacetimes.
The C-metric is another example, which we use to investigate the nature of the Weyl
double copy map in the vicinity of future null infinity. Moreover, we show how the
relation can be extended to non-twisting type N solutions, which represent radiation

spacetimes. In chapter 5, we review the Kerr-Schild double copy. As already mentioned,
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the original formulation holds exclusively in the absence of matter fields. To extend
the Kerr-Schild double copy to the entire NS-NS spectrum, the formulation of Double
Field Theory (DFT) is helpful. In this setting, we obtain an exact Kerr-Schild double
copy relation for JNW.



Chapter 4

The Weyl double copy

In the previous chapter, we saw how the Weyl spinors of certain spacetimes have a
clear double copy structure in momentum space. This structure extends to position
space, where we wrote the Kerr-Taub-NUT Weyl tensor as a sum of quadratic terms
in field strength tensors. The quadratic relation between the Weyl tensors of certain
classes of spacetimes and field strength tensors is known as the Weyl double copy, and
it was originally shown to apply exactly to all type D vacuum solutions and pp-waves
[99]. The original formulation was written in spinor language, which clears out all the
redundant index contractions and symmetrisations to yield much simpler expressions.
It also provides tools to prove that the gauge fields that stem from the Weyl tensors
automatically satisfy the Maxwell equations. In this chapter, we study the Weyl double
copy from a purely classical point of view. From this point on, the signature of the
metrics will be Lorentzian (—,+,4,+), as there will be no more 3-point amplitudes
involved.

The origins of the Weyl double copy date back to the golden age of general relativ-
ity, when Walker and Penrose discovered that all vacuum type D solutions admitted a
Killing rank-two spinor [174]. Together with Hughston and Sommers, the same authors
showed that the Killing spinor could be used to generate a non-backreacting electro-
magnetic field on the curved background [175]. These facts were revisited and given
a double copy interpretation much more recently [99], where the electromagnetic field
was moved to a flat background. At the same time, the prescription was extended to
the Eguchi-Hanson instanton (see also [176]) and pp-waves, which also exhibit a Killing
spinor. The generalisation to all non-twisting type N solutions was provided in [4]. Ex-
tensions to non-vacuum solutions were given in [94,177]. In [178] the Weyl double copy
was applied to fluid mechanics; specifically to flow configurations that are associated
with algebraically special spacetimes under the fluid-gravity duality.

The search for a deeper understanding of the Weyl double copy led to its reformu-
lation in twistorial language [100-102,144,179]. This construction, which relies on the
properties of the Penrose transform, is able to extend the Weyl double copy beyond

79
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type D and type N solutions, yet only at linearised level.

Although the spinor and twistor languages expose the structure of the double copy
more clearly, they also have limitations. One of them is their dimensional dependency,
making the generalisation beyond four dimensions not straightforward. Some steps were
given in this direction in [180], where an algebraic classification of higher-dimensional
spacetimes based on spinors was proposed. There have also been recent developments in
three dimensions, where the vanishing of the Weyl tensor brings extra challenges. The
solution found by the authors of [181,182] was to use the Cotton tensor as the analogue
of the Weyl tensor in topologically massive gravity. Ref. [181] followed an approach
very similar to the one described in chapter 3, deriving the double copy relation from
the squaring of 3-point amplitudes. The authors of [182] followed a purely classical
approach instead, providing a derivation along the lines of this chapter. The Cotton
double copy is closer in spirit to the original double copy than some earlier attempts
at the double copy in three dimensions [183], despite applying to topologically massive
gravity. Additionally, it might provide useful insight for formulating a Weyl double copy
in higher dimensions. However, it would be helpful to understand to what extent the
Cotton double copy is just a consequence of the Weyl double copy under dimensional
reduction.

Our next goal will be to review and explore the limits of the Weyl double copy from
the point of view of classical general relativity. After reviewing the basic aspects of
the map, we provide a more complete picture of what are the effects of the electric-
magnetic duality under the double copy. On the gravity side, it corresponds to an Ehlers
transformation, a solution-generating transformation that rotates and rescales the mass
and charge parameters [6]. We will also follow [4] to extend the Weyl double copy to
type N solutions. The subjects of radiation and symmetries intersect in the study
of asymptotic boundaries. In the last part of this chapter, we will explore the Weyl
double copy in the vicinity of future null infinity. The asymptotic expansion provides
an alternative perturbation scheme for the double copy which extends its domain of
applicability to less special solutions [2]. At the same time, it enables the study of
asymptotic symmetries and their relation to large gauge transformations. To answer
this question, we will focus on the C-metric, a type D solution that can be regarded
as a superrotation for large retarded times. The single copy of the C-metric is the
Liénard-Wiechert potential generated by an uniformly accelerated charge, and contains
a large gauge transformation in a similar sense, giving a precise relation between both

transformations.
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4.1 Type D

4.1.1 Spinor calculus

Consider a Type D metric. According to (1.79) and table 1.1, its Weyl spinor can be

written as

Vagys = Y 0(alpoyls) s (4.1)

where 1) = 6¥9 and o, ¢ are chosen to be a normalised (0,t® = 1) dyad basis.
First, consider that our spacetime is a vacuum solution and impose the Bianchi
identity (1.76)

Ve (4 0(alpOoyts)) =0 . (4.2)

This has to hold for every component in the (o,¢) basis. In particular, it must hold for

the projection
2L50705V°‘°"\Ila/375 :Lﬁ0705vad(¢oa0(/3b,yb5) + PLa0(30qLs))
1 . . .
:§Vaa(w0a) + Lﬁovo%[oavaa(owwg)) + taV**(0(80yL5))]
1 : 1 . . .
= gva"‘(woa) + gw[LﬁoaVM"% —20%0, V%5 —20°1,V*%p] ,
expanding and using the identities

€aB = La0B — Oalg ,
P =0 — 1208 | (4.3)

05 =1%o — 0%,
we find that

L

3oava% — 1a0° V%5 =0 . (4.4)

The component obtained by contraction with (170’ gives
Loy Fved s =0 4.5
3ta U+ Pogt 1g=0. (4.5)
The components obtained projecting by 07070 and %79 imply
OQOgV“doﬁ =0, Labgvo‘é‘bﬁ =0, (4.6)

which mean that the principal directions are tangent to shear-free null geodesic con-

gruences, as expected from the Goldberg-Sachs theorem [184].
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Consider now a Maxwell spinor of the form

Pap = V" 0(alp) - (4.7)

Let us compute the of component of the vacuum Maxwell equations (1.70),

A i — ad 1 n ac
IV (Yl 0(atg) = =5 0" 0V + S 0V (0ats + 0gta)

= —gwnfl 00V + 9" 1, PV %05 =0 | (4.8)

Comparing (4.4) and (4.8) we conclude that they are equivalent if n = 2/3. Similarly,

the % component of the Maxwell equation is equivalent to (4.5) for n = 2/3.

The conclusion is that
Vad(@D 0(aL507L5)) =0 = Vad(l/Jz/S O(QLB)) =0. (4.9)

Based on this fact, it is natural to decompose the Weyl spinor as

1
Vapys = §¢(a,8¢76) ; (4.10)

where S = )'/3. This complex scalar is associated to the zeroth copy, a solution of the
linearised bi-adjoint scalar theory. At linear level, the bi-adjoint scalar theory becomes
Abelian, and the equation of motion reduces to the wave equation. It can be checked

that S is a solution:

1 N
Oyt/3 = 3 Ve (1h2 305 VP 41h) (4.11)

=% [¢1/3LQL507V5d07 + (0 1)], (4.12)

where we have used (4.3), (4.4) and (4.5). The same equations reduce the expanded

expression to

Cpl/3 = 1/3 [2 (0°1aV*05) (120, V 415)

(4.13)
+ (Vad(LO[Lgo“y)V’Bdo7 + L@L/@O’YVO“j‘V’BdO7 + (0« L)) ]
It can be shown, by application of (4.3) and (4.6) that
VO 141507)VP 40, + (0 <3 1) = =2 (0714 V*%05) (1°0, V7 415) . (4.14)

Thus, defining
V(a|dv6)a = Daﬁ (415)
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we can write
D¢1/3 = —1qt30" 030y — 00,05t Hagty . (4.16)

For a generic spinor £&%, we have — (4.9.8) in [124] -

Daﬁ&w = Xaﬂ'yé 55 ) (4'17)

where X 3,5 is the curvature spinor of the underlying space. Hence, in the flat space
limit X,g,5 = 0 and we find
0s=0o0. (4.18)

Let us explain what is meant by the ‘flat space limit’. The double copy maps objects
from a theory with gravity (spacetime curvature) to a gauge theory on a flat back-
ground. Hence, for this spinor map to be considered a double copy, the Maxwell and
wave equations should be understood to hold on a flat background. This requires the
existence of a limit where the metric becomes flat, keeping the spinor basis invariant.
The simplest example is the massless limit of Schwarzschild. To prove that the Maxwell
spinor equations hold, we only required that the basis (0,¢) was tangent to share-free
null congruences, which also holds in the flat space limit. As a result, ¢,3 solves the
Maxwell equations both on the curved and flat backgrounds. The ‘flat’ field strength
tensor is obtained by contracting ¢,3 with the Pauli matrices and the flat-limit vielbein.
However, to prove that S solves the wave equation we needed to set the background
curvature to zero, implying that generically it is only a solution on the flat background.
What lies behind these relations is the existence of the well-known hidden symmetry
for type D vacuum solutions: the existence of a Killing 2-spinor [174,175,185], defined

as a solution of
Via*Xgy) =0. (4.19)

The presence of the Killing spinor is a consequence of the integrability properties of
the solutions under consideration, whose Weyl spinor can be written as

- W5\ /2
Vogys = [X] X(apXqs) »  where  [x] = (XaﬁX P > : (4.20)

One can also formulate the Maxwell spinor and scalar in terms of this object

Pap = [X]iSXaB ) S = [X]il‘ (4.21)

See [6,94,98,172,176,178,186-192] for related works.

The double copy structure of (4.10) is rather transparent. The Weyl spinor of any
vacuum type D spacetime can be decomposed into two copies of a Maxwell spinor and a
massless scalar field, which play the role of the single and zeroth copies. This structure

was already present in the momentum-space integrals of chapter 3, from which the
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position-space relation originates.

4.1.2 The Plebanski-Demianski metric

Although in [99] this prescription was also successfully applied to pp-waves and the self-
dual Eguchi-Hanson instanton, the main domain of application of (4.10) is real type D
solutions of the vacuum Einstein equation without cosmological constant. Surprisingly,
all the members of this family can be derived as limits of a single metric [193], known as
the Plebanski-Demianski solution.! Using a complex change of coordinates, the metric
can be written in double-Kerr-Schild form [99]:

1
ds? = m 2i(du + qzdv)dp —2(du — p2dv)dq

Q) gy~ pav?|, (422

P(P) 2 2
+72+q2 (du + ¢*dv) _p72+q

p

with

P(p) = y(1 = p) + 2np — ep® + 2mp®,
(1 = ¢*) = 2mq + eq® — 2ng3, (4.23)

O
—~
)
N—
I

where the parameters m, n, -, € are related to the mass, NUT charge, angular momen-
tum and acceleration (see [194] for a discussion of the various limits and definitions
which enable the identifications in different cases). In particular, different scaling lim-
its turn (4.22) into the Kerr-Taub-NUT family or the C-metric, whose single copy is the
Liénard-Wiechert potential. The latter metric was not obtained from the amplitudes
double copy in chapter (3), but will prove useful to study the properties of the Weyl
double copy close to the asymptotic boundary. A double-Kerr-Schild metric is a gen-
eralisation of the Kerr-Schild metric mentioned in section 3.4.2. The main difference is
that it has two “Kerr-Schild terms” instead of just one. The double-Kerr-Schild form
of the Plebanski-Demianski metric also linearises the field equations.
The metric (4.22) justifies the flat space limit mentioned above. The Kerr-Schild
vectors
K =du+ ¢*dv L = du — p*dv (4.24)

are the principal null directions. The associated spinor basis does not depend on the
parameters m,n,y, €, in particular they are independent of the dynamical parameters
m and n. These parameters, related to mass and NUT charge, generate the geometric

curvature. Therefore, the flat limit m — 0, n — 0 provides a valid background for the

'The general Plebanski-Demianski family extends to solutions of the Einstein-Maxwell equations
with a cosmological constant.
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gauge and scalar equations of motion.

4.1.3 Tensorial Weyl double copy

The spinor expression (4.10) is remarkably compact compared to the tensorial relation
(3.92). Nonetheless, a tensorial expression has some advantages. First of all, it avoids
the need for explicitly computing the tetrad, which can be somewhat tedious for non-
diagonal metrics. Secondly, a tensorial expression is much easier to generalise to higher
dimensions. This will motivate us to study the tensorial map (3.92) in more detail.
Instead of directly deriving the tensorial expression from the spinor Weyl double
copy, it will prove easier to bootstrap it. From (4.10), we know that we are looking for
an expression for the Weyl tensor as a sum of terms involving two copies of the field
strength. The absence of traces and the index symmetries (including Wilvpo] = 0) of the
Weyl tensor constrain the possible quadratic combinations of the field strength tensor
that can appear. Keeping these in mind, in four dimensions there are two independent

expressions that one can write down:
Chvpo F] = Flu Fpg — Fpujp Fopp + %g#[p 9olv F? + SFA[ALQV][/JFAU} ; (4.25)
D/,Ll/pO'[F] - %(wa Fpa + F;ux Fpa) - %gy[p go]l/ Faﬁ chﬂ - %e,uupa F2 ; (426)

where F2 = FMF\s and F = «F. In d dimensions there is no equivalent of Dy po | F)

and one just has

d
C\) 5 [F] = Fuy Fps — Fyp o),
3

6

2 A

t g =gy Iule Yol T 5 FAugu oo -
d—1)(d—2) d—2

(4.27)

This higher-dimensional structure is enough to capture the higher dimensional gener-
alisation of Schwarzschild, although it cannot be applied to less symmetric spacetimes
like a Myers-Perry black hole.

In d = 4, the Weyl double copy must involve a linear sum of the two expressions
Cuvpe and D, e, with suitable coefficients which will generically be functions of the

coordinates and constants. We note some useful properties of these expressions:

Cowpo[F] = —Chupo | F] (4.28)
Dypo|Fl = =Dyupo|F] (4.29)
équo[F] = Dyvpo [F] . (4.30)
DypoF] = =Cupo| F) (4.31)

and
CWpa[aF + bﬁ] = (a2 - bz) CMVPU[F] + QQbDWpcf[F] ) (4.32)



CHAPTER 4. THE WEYL DOUBLE COPY 86
where the dual of a rank-four tensor with Weyl symmetries was defined as
Winpo = 2 €ap Wy . (4.33)

As a consequence, there is a unique linear combination of C,, 0 [F] and D, p0 [F]
that is (anti-)self-dual. Those combinations must determine the corresponding chiral

components of the Weyl tensor up to a proportionality factor:

c . 2c
Wﬁpa < (Chvpo[F] F i Dywpo[F]) = 5. CWpU[Fi] . (4.34)

+ +
The — possibly complex — functional coefficients Si are related to the complex scalar
field S in (4.10). Matching by chiralities, we find that S_ = S and Sy = S. The overall
proportionality constant ¢, which was not explicitly written in (4.10), replaces gauge
couplings and charges by their gravitational counterparts. It is also simple to check

that (4.34) is equivalent to (3.92), since
3

CHPTF] = S P FT T (4.35)
Although in general ¢/S is complex, it is real in some cases, like Schwarzschild and

the C-metric, where one has

C

Wiwpe = g {2 By Foo =2 Fyp Foly + Gulp Yolv F2 4 GFA[MQV}[pFAU]} . (4.36)

4.1.4 The Ehlers group and EM duality

The tensorial form of the Weyl double copy is particularly suited to study how sym-
metries in gravity are mapped to symmetries in electromagnetism. An example of a
symmetry mapping was given in section 3.3.1, where we saw the effect of turning on an
electric-magnetic duality rotation in the single copy. For the gauge field, this rotates
the electric and magnetic charges of a dyon. When double copied, the effect is to ro-
tate the mass and NUT parameters of the Taub-NUT solution. One can ask what this
transformation corresponds to in the general relativity literature. Our proposal is that
it corresponds to an Ehlers transformation [195].

The Ehlers transformation can be best described in the context of the projection
formalism developed by Geroch [196]. This formalism defines a map from a stationary
spacetime to a three-dimensional manifold using the trajectories of the timelike Killing
vector &,. This decomposition provides advantageous simplifications at the level of the
field equations. It also highlights symmetries of the solution on the lower dimensional
space, that can be used to generate new stationary spacetimes. In particular, the Ehlers
transformation is a one-parameter transformation that maps static vacuum solutions

to stationary vacuum solutions. In general, the transformed spacetime suffers from a
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NUT-like singularity.?

The original Ehlers transformation is limited to spacetimes admitting a Killing vec-
tor field that is timelike everywhere. This limits its applicability to the outside region
of rotating black holes, for example. There exists a generalisation of the Ehlers pre-
scription that bypasses the projection formalism and allows for more general Killing
vector fields: the spacetime Ehlers group [197], which we now summarise briefly.

Given a Killing vector field § = £#9,, and one-form W = W, dxz" on a Lorentzian
manifold with metric g,,, satisfying the vacuum Einstein equations, the spacetime

Ehlers group is defined in [197] by the transformation

A

G — Vg — 2§, W) — @WMWV, (4.37)

where Q2 = §MW, +1 > 1, and the inequality holds over the whole geometry. Define
the two-form F),, = 20;,,) (note that we have a factor of 2 here, and a factor of 1/2 in
the definitions of the (anti-)self-dual parts of F', in comparison with [197]). Define also
the twist potential w;, = €,,5,£"V7¢? and the Killing vector norm A = —£#¢{,. Then
the Ernst one-form

op = 2"F, = VX —iwy, (4.38)

is closed, following from the vanishing of the Ricci tensor, and so locally o, = V0 for
some complex function o called Ernst scalar potential. To define the spacetime Ehlers
group we need this to hold also globally.

There is a second global integrability condition. Consider the two-form
— 4yRe[(yG +1i6) F,,,, , (4.39)
where the bar denotes complex conjugation, and v and ¢ are non-simultaneously van-
ishing real constants. This form is closed by construction, but it must be globally exact
for any value of v and 4. That is, we require the existence of a form W satisfying
2V, W, = —4yRe[(yo +i0) F,1, ], (4.40a)
0% = ¢"W, + 1 = (iyo + 6)(—ive +6), (4.40b)

where vy and §, as a pair, fix the gauge of W. After repeated action, the transformation

2There is not a global agreement in the literature regarding what is referred to as Ehlers trans-
formation. Some authors prefer to reserve the term for the transformation that applies exclusively
to vacuum solutions, while others also include transformations for electrovac solutions. We refer the
reader to section 34.1 of [171] for a more complete discussion.
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defines an SL(2,R) group action on the Ernst scalar by the Mobius map

— m, where (v + ad = 1. (4.41)

The self-dual part of the Killing tensor transforms as

+

2
v — W(Q Flj;/ - W[uO'V]) 5 (442)

where W, o are the one-forms defined above. The self-dual part of the Weyl tensor

transforms as

1 6ivy 1
wt - paBpys ”H- I + rt - +)2
nvpo - (i")/O’ + 5)2P;?1/ P;/O' < afyd i'ya 45 (FaBF'yé 3Iaﬁ’y5(F ) )) ) (4'43)

where in our conventions I,,,,, = %(gupgw — YupYuo + €uvpo) is the canonical metric
in the space of self-dual two-forms and P,f‘l,ﬁ = 9252“55 — (52‘&5 W, — gawudf . This
formalism can be used to check that the Kerr-Taub-NUT family is invariant under the
Ehlers group [197].

Taub-NUT black holes

Let us now consider applying these arguments in the context of the Weyl double copy

described earlier. Let us start from the Taub-NUT metric, in the real form

ds® = —f(r)(dt — 2N cos 9d¢)2 + f(r)flde =+ (7“2 + N2)d9%2)7 (4.44)
where
f(r)_(r—rg(r—r,) = M4 2 _ 72 4 N2 (4.45)
= ) n N2 s + = To, To = : :

Next, consider the Killing vector £ = 0;. Its associated two-form Fy,, = 29,&,) is

2 _ A2 2 4 2 A2 2
:2M(r N?) 4+ 4N Tdt/\dr—i— N cos(0) (M (r* — N?) + 2N?r)

F 2 2
(N?Z+12) (N2 +12)

dr A de

(4.46)
2N sin(f) (r(2M —r) + N?)
N2 2

o A do .

This solves the Maxwell equations on the Taub-NUT background. In the flat limit, it
gives the single copy of Taub-NUT, found in [99,173] and solves the flat-background

Maxwell equations. The Ernst one-form is obtained from its definition

2AM—iN) o (4.47)

— +
O-N = QSVFVH = m w
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In [197], it was proven that the Ernst one-form is exact, o, = 0,0, and the integration

constant can be chosen such that Re(o) = —£#,,, giving
2(N +iM)
=1-— 4.48
7 N+ir (4.48)
Additionally, the fact that (4.44) has a Weyl double copy structure implies that
6 (F+)2
+ - F+ F+ X 77
Wa,@’yé c—o < aB” vé 3 apyé ) (449)

(F*)? = A(c— o),

with ¢ =1 and A = —(4(M —iN))~!. Next, W is found by solving (4.40). After this,

we can transform the original metric into (4.37)

¢
g:u/ =7 Juv — Qg(uwu) + WWMWV . (450)

In order to interpret this new metric, it is convenient to define polar coordinates in the

parameter space
4]
p=1V+~?, tan¢ = — . (4.51)
v

Performing a charge redefinition and a change of coordinates

M"\  [cos2¢ —sin2()\ (pM
N' ) \sin2¢ cos2( pN /|’ (4.52)
=, ' =pr+M'(1-cos2()— N sin2( ,
p

the metric simplifies to

12

ds” = —f(r")(dt' — 2N’ cos dp)* + ;,l(i,)

/2_2Ml I_N/2
) =
r'2 4 N2

+ (r"? 4+ N™)d03 |
(4.53)

Hence, it is still a member of the Taub-NUT family. The self-dual part of F},, transforms

as (4.42). The integrated Ernst one-form transforms as

1 do+ivy
I = . 4.54
T 2ot o (4:54)
After the transformation, (4.49) also holds with
1 §+iy)?
¢ = A= 0ti) (4.55)

72 4 52 4(M —iN)"’
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in agreement with (54) in [197].

Let us now study the implications for the single copy. The single copy of (4.44) can

be written in flat spherical coordinates (Z, 7, 6, ¢)

M .
Fo=—=5 di Ndf = N sin0d0 A do . (4.56)

Hence, the single copy of the transformed space-time, on the same background reads

/

M
Flo =~ 5 di AdF = N'sin0d0 A do . (4.57)

Using (4.52), it can be checked that the transformation in terms of the Ehlers group
parameters is
Fi, = pcos(2() Fee + psin(2¢) * Fyc - (4.58)

This corresponds to an electric-magnetic duality rotation and a rescaling by p. Both
transformations are contained in the electric-magnetic duality, where the rescaling can
be interpreted as the transformation of the gauge coupling [198].

The zeroth copy is affected similarly, transforming using M — M’, N — N’, mean-
ing that the Weyl double copy relation

2

W/j;/pa = O_jc,uupcf[F—i_] s (459)

where 0" =0 —c= —2(N +iM)/(N +ir), is preserved: (4.59) transforms directly to

the double copy in the transformed spacetime

’ 2 /
W, = —7 Crapo [F'], (4.60)

uvpo
where F'* is the self-dual part of the single-copy Killing tensor, now defined using the
shifted metric (and the same Killing vector, although note of course that the co-vector
differs in the new spacetime), and the transformed Ernst scalar is

2(M —iN)

a/+ = — ‘ ‘
(v —i6)(2yM + N(6 — i) + r(i6 — 7)) (4.61)

We see that in terms of the action on the fields, a restricted set of the SL(2,R) trans-
formations act in this case, and the orbit is within the Taub-NUT class of metrics.
The two degrees of freedom are realised by the rotation parameter ( and scaling p.
This result reproduces the behaviour observed in section 3.3.1 for p = 1 and generalises
it for more general electromagnetic transformations. In [6], the authors discuss the

action of the Ehlers group on more general type D examples, as well as a self-dual
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solution. In all cases, the double copy structure is preserved under the transformation.
Reference [90] also studies the effects of the electric-magnetic duality on the double
copy. Asymptotically, their findings suggest that it induces a supertranslation on the
spacetime, which results in the same rotation between mass and NUT charge present in
the Ehlers transformation. More recently, [199] proposed a new notion of gravitational
duality that might extend the scope of the Ehlers transformation beyond the space of

metrics that admit a Killing vector.

4.2 Type N

Type N spacetimes are another class of algebraically special metrics with prominent
physical significance, as they describe the radiation region of isolated gravitational sys-
tems. As a necessary step in applying the classical double copy tools to gravitational-
wave physics, we provide a systematic understanding of the status of the double copy
for type-N radiative solutions, beyond the most special example of pp-waves. More
precisely, we extend the curved Weyl double copy relation to most type N vacuum so-
lutions, for which we show that W,g,5 = S _1¢(a5¢75); ¢ap being a degenerate Maxwell
spinor and S a scalar that satisfies the wave equation. Interestingly, this construction
does not lead to a unique Maxwell field, since there is functional freedom associated
with the scalar S.

For non-twisting radiative spacetimes, the Maxwell field and the scalar field solve
the Maxwell equation and the wave equation, respectively, on Minkowski spacetime.
This extends the Weyl double copy for this large class of spacetimes.

For twisting spacetimes, the Maxwell field and the scalar depend generically on the
metric functions. Hence, they are solutions only on the curved spacetime. However,
the standard double copy interpretation applies at the linearised level. This may be
indicative of the fact that twisting solutions have an intrinsic non-Abelian nature, as
one needs to go beyond linear (i.e. Abelianised) gauge solutions to capture the full
metric. This is a speculative statement, as we lack a non-Abelian extension of the
Weyl double copy to prove it.

Note that, while the double copy for scattering amplitudes involves two copies of
non-Abelian gauge theory, the first step in that procedure is to consider the double copy
of the asymptotic states, which for linearised gauge theory are solutions to the Maxwell
equation. The fact that certain exact gravity solutions can be interpreted as a double
copy of a Maxwell field means that they should be interpreted as coherent states, an
exact extension of the linearised asymptotic states in scattering amplitudes. We saw
how this works for a subfamily of type D spacetimes, but this reasoning indicates that

a similar description should be possible for type N examples.
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4.2.1 Spinor calculus

A lot of the intuition for the type D Weyl double copy came from the fact that the
Weyl spinor has two principal spinors, both of them with multiplicity two. Each of
the multiplicities corresponds to a copy of the Maxwell spinor. Type N can be seen as
a degeneration of type D where the principal spinors align, yielding a single principal
spinor with multiplicity four and one principal null direction k* ~ 0,04. Choosing a
spinor basis adapted to the principal null direction, the Newman-Penrose Weyl scalars

all vanish except W4, and the Weyl spinor takes the simple form
Vogys = V4 00050,05. (4.62)

In spinor language, the curved background Weyl double copy relation is

1
\I]a,nyé = g ¢(a5¢76)7 (463)

for some scalar S and Maxwell spinor ¢,3. Note that ¢, satisfies the Maxwell equation
(1.70) in the fixed curved background metric, but it is viewed as a test field that does
not back-react on the geometry. From (4.62), it follows that the NP Maxwell scalars all
vanish except ¢z, and we have ¢po3 = @2 0(q0p). Thus the type N double copy relation
is

Wi = ¢ (6 (4.64)
The Maxwell 2-spinor is degenerate, which means that the electromagnetic field is null,
i.e. the electric and magnetic fields are perpendicular and of equal magnitude. An
example of a null electromagnetic field is that of a plane electromagnetic wave in flat
spacetime. Now we must consider whether such a relation (4.63) exists. Expanding out

the Bianchi identity (1.76) by substituting (4.62) gives two equations:
0oV log Uy +4 oaLﬁvad% — Laoﬁvad% =0 (4.65)

and 0,0° Vo“j‘o/g = 0. The second equation is again the statement that the null congru-
ence generated by the PND is geodesic and shear-free, i.e. Kk = o = 0, which follows
from the Goldberg-Sachs theorem.? Expanding out the Maxwell equation in a similar
fashion gives

0oV log ¢ + 2oabﬁva%5 — Laoﬁv@%ﬁ =0, (4.66)

as well as the same equation above that is equivalent to x = ¢ = 0. Now, substituting

3 For later convenience, let us introduce the NP spin coefficients #, o, 7 and p [125]

Kk =0%0"0"Vaaos , o =0%0"i"Vaaog ,

@ ~& « ~&
p=0"1"0"Vasos , T=0"1"T"Vaas0s .



CHAPTER 4. THE WEYL DOUBLE COPY 93
U, = (42)%/S into (4.65) and simplifying this using (4.66) gives
0aV¥log S — 1,0° V%05 = 0. (4.67)

There is a clear structure in equations (4.65)—(4.67), where the coefficient of the middle

term is the rank of the respective spinor. Equation (4.67) translates to
k-VloegS—p=0, m-VlogS —7=0, (4.68)

where (k,n,m,m) form an NP null frame. A simple calculation shows that the inte-
grability condition on equations (4.68) are satisfied, which means that they are simple
integral equations that can always be solved. Thus, we are guaranteed the existence of
a scalar S satisfying these equations, which then gives a Maxwell field ¢o = /¥4 S. In
tensor language, this Maxwell spinor translates to a field strength (the single copy) of
the form*

F=¢ok’ A’ + o k> A (4.69)

This establishes the curved Weyl double copy relation for type N vacuum solutions.
Furthermore, it is simple to show using (4.67) that S solves the wave equation. First,
we write

0S = V*V04S = €apV*VP6S = 21,05V*VP,S. (4.70)

Then, we can integrate by parts to obtain
08 =21, VY(S 1507VP 50,) — 21, V%05 V245 | (4.71)

where in the first term we have applied (4.67). Expanding the derivative and using
(4.3) in the second term

0s =2 S[ — 110" 000, + (1aV07) (15VP 40,)
. (4.72)
+ (.a V%) (0P V7 408) — (10t Vas0s)(0sV25S) | -

The last three terms cancel out upon application of (4.67) in the last term and (4.3) in
the second and third terms to expand the contractions with index ~. Finally, making
use of of (4.17), we find

0S = 25 Xop,5:%P070° . (4.73)

Following the type D Weyl double copy, we might want to solve the wave equation on

a flat background. In that case, X,g,5 = 0. However, we could also choose the type N

4The musical notation emphasises that & is the covector (or one-form) with components k:z = guk”.
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Type D Type N
Vo“j‘\Ilaﬁwé =0 Vi ags =0
0oV S = Laoﬁvo‘d%

4

Va5 =0 (flat and curved)
0S=0 (flat)

4

Va5 =0 (flat* and curved)
0S =0 (flat* and curved)

Figure 4.1: Comparison between the Weyl double copy for type D and type N solutions. For type
D, a Weyl spinor satisfying the Bianchi identity determines a Mazwell spinor and a harmonic
scalar field, whereas for type N the extra condition (4.67) makes the relation non-unique.
*There is no flat background interpretation for twisting type N solutions.

background X,g,s = \114004050705.5 In either case, we obtain that
s =0. (4.74)

These results mirror those that exist for type D solutions, see figure 4.1 for a comparison.
Although the double copy formula (4.10) holds for both type D and type N solutions,
there are some differences. A type D Weyl spinor uniquely determines a Maxwell spinor
and a scalar field. On the other hand, a type N Weyl spinor only determines a Maxwell
spinor once we specify a scalar field satisfying (4.67). This introduces a non-uniqueness
which will be discussed at the end of the section.

Another difference is that the type N scalar solves both the flat and curved wave
equations, whereas its type D counterpart is only valid on flat space. However, it is not
guaranteed that there exists an appropriate flat background for all type N solutions.
In the next section, we will study all subclasses of type N solutions to check the double

copy more explicitly and discuss the flat space interpretation.

4.2.2 Type N vacuum solutions

Type N vacuum solutions are classified in terms of the optical properties of the con-
gruence generated by the PND. We have that x = o0 = 0; the properties that remain
are parametrised by p = —(0 4 iw) with © denoting the expansion of the congruence

and w denoting its twist. The different cases lead to three distinct classes of solutions:
e Kundt solutions: © = 0, which implies that w = 0 6.
e Robinson-Trautman solutions: © # 0, w = 0.

e Twisting solutions: © # 0, w # 0.

SWe are assuming that there is no cosmological constant.
5Substituting © = ¢ = R, = 0 into the Raychaudhuri equation k~V@fw2+@2+a5+%R,wk“k" =0
gives w = 0.
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Choosing a null frame for which k is the PND, so that Vg = U1 = Uy = U3 = 0, we

consider each case separately.

Kundt solutions

There are two kinds of type N Kundt solutions, both corresponding to plane-fronted
wave solutions 7. Plane-fronted waves with parallel propagation (pp-waves) are given

by the metric
ds? = —2du (dv + Hdu) + 2dzdz, (4.75)

with H(u, z, 2) = f(u,z) + f(u, 2) for general functions f. Choosing
k=0,, n=90,—H09,, m=20,, (4.76)
one has p = 7 = 0 and so (4.68) implies S = S(u, z), while the Weyl scalar ¥, = d2f,

so (4.64) implies that
¢2 =/ 02f S(u, 2). (4.77)

The other class of plane-fronted waves is given by
ds? = —2du (dv +Wdz + Wdz + Hdu) + 2d2dz, (4.78)

with W (v, z,2) = —2v (z + 2)~! and
_ 5 _ v?
H(U,U,Z,Z) = [f(u,z) —i—f(u,z)] (Z+Z) - m;
again f(u, z) is arbitrary. Choosing

k=0y, n=0,— (H+WW)0, + W0, + W0z, m=0,,

one has p = 0, 7 = 28 = —(z + 2)~!, so (4.68) gives S = ((u,2)/(z + 2). The Weyl
scalar Wy = (z + 2) 02 f, so (4.64) implies that

¢z = \/ 02 C(u, 2). (4.79)

Given that the only non-zero components of Fj,, are for uv = [uz] and [uZz], the

simple form of the relevant components of ¢g"” and the fact that g = 1 give

vV 1 vo
V,F¥ = ——0, ( 19l 9" Fpa)
vari

"See Theorem 31.2 of [171].
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On the other hand, S does not depend on f(u,z) or f(u,Z), meaning that it must
solve the wave equation on any member of the family. In particular, it solves the wave
equation on Minkowski spacetime. This implies that the Maxwell and the scalar fields
also satisfy their equations on Minkowski spacetime, establishing the Weyl double copy

for type N Kundt solutions.

Robinson-Trautman solutions

Type N Robinson-Trautman solutions take the form 8

2) 2
ds? = —H du? — 2dudr + % dzdz, (4.81)
with H(u,r,z,2) = K — 2r 9, log P (where K = 0,£1) and 2P20,0; log P(u,2,%) = K.
Choosing

P
k=0, nz@u—%Haﬁ m=——0,, (4.82)
r

one has p= —r~1, 7 =0, so (4.68) gives S = —((u,2)/r. Now ¥y = —P728u <a§TP>, SO
(4.64) determines that

62 = \[C(u,2) 00 (22P/P). (4.83)

As an example, consider Robinson-Trautman solutions with K = 0in (4.81). Writing
P = eV we have 0,0; W = 0 and hence W = w(u, z) + w(u, Z), implying that ¥, =
—P2%/r 0,[0%w(u, 2) + (0:w(u, 2)?]. We can obtain type N solutions of the Maxwell

equation in the Robinson-Trautman background by taking
A=~(u,z,z)du, (4.84)

where 9,0;y = 0 and hence v = h(u, z) + h(u, ). Thus from (4.69) we have ¢ =
—P/r 05 h(u, z). Plugging into (4.64) we have

1 _
0, [0%0(u, 2) + (Dw(u, 2))%] = ——5 (0:h(u, 2))*, (4.85)
and so indeed we have that S = —(/r, where ( is a function only of u and z, as required

in the general result stated above.

As with Kundt solutions, the only non-zero components of Fj,, are for pr = [uz]
and [uz]. As before, using the fact that \/[g| = r?/P? and the relevant components of
g"", it can be shown that (4.80) holds. Once again, S is independent of P and solves
the wave equation on any member of the family (4.81), including Minkowski. Hence,
both Fj,,, and S satisfy their equations also on the flat background, establishing the

Weyl double copy for Robinson-Trautman solutions.

8See Theorem 28.1 and Section 28.1.2 of [171].
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Twisting solutions

Type N solutions with non-vanishing twist are more complicated, with only one explicit

solution known [200]. The general metric is given by ?

ds? = —2(du+ Ldz + Ld2) [dr +Wdz + Wdz (4.86)
2

P2|p|2dzd2,

+H (du+ Ldz+Ldz) | +

pt=—(r+i%), 2i%(u,z,2) = P*JL - 0L),
W(u,r,2,2) = p L O,L +i0%, 0 =20, — Lo,
1
H(u,r,z,z) = iK — r0ylog P,
with K = 2P%Re [8(510gP — 6ui)] . There exists a residual gauge freedom to choose

P = 1, but we shall not yet impose this choice. The solution is determined by the

complex scalar L, for which the field equations and type N condition impose
SK + P?Re [00% — 20,L0Y — £0,0L] =0, 9I =0,
and 9,1 # 0, with I = 9(dlog P — 0, L) + (0log P — 8,.L)?. Choosing
k=0, n=0,—HJd,, m=-—Pp(0—W0a,), (4.87)

p is as defined above, while 7 = 0. Equation (4.68) then implies that S = p x(u, z, 2),
with x satisfying
Ox — 0L x =0. (4.88)

Defining new coordinates (v, w) = (I, z), the above equation can be solved using the

method of characteristics (I = constant correspond to the characteristics)

01 (u,z) ) (U,’u}l) % 8L(au’l;w/) ] dw'

X(Uv w) = (:(I) ef[< ou , (489)
with ¢(I) arbitrary. The Weyl scalar ¥4 = p P29, I, and so (4.64) implies

po =p PO x(u,z,Z2). (4.90)

Only one twisting type N solution, found by Hauser [200], is known explicitly. It

lacks a clear physical interpretation as it is not asymptotically flat and can not be

9See Chapter 29 of Ref. [171].
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interpreted as the radiation of an isolated source. The metric functions are given by

u

= (z+2)% —
P=(G+2 10, 1=

L =2i(z + 2),

where f satisfies 16(1 + ¢2) f”(t) + 3f(t) = 0, which is a hypergeometric equation, and

I turns out to be given by
3
1= . 4.91
2[(z + 2)? —iu] ( )

The solution to (4.68) is
S =pc(D), (4.92)

where ((I) is arbitrary. As expected, this is consistent with the general result (4.89).
The Weyl scalar is ¥, = (2i/3) pP? I?, implying that

2i¢(I)
2

p2=pPI (4.93)

As a further remark about the twisting type N solutions, we note that if the gauge
freedom to set P = 1 is employed, the metric is specified purely in terms of the function
L(u, z, %), and the type N and Ricci flat conditions may be succinctly condensed down
to just

Ol =0, Im(0000L) =0, where I = —0,0L. (4.94)

The Weyl curvature is given by Wy = p 0, 1.

In contrast to non-twisting solutions, the second equality in (4.80) does not hold for
twisting solutions. Therefore, while there is a curved Weyl double copy relation, in this
case it does not translate to a relation where the Maxwell field and the scalar can be
thought of as Minkowski fields, unless we consider all the fields (gravity, Maxwell and
scalar) at the linearised level. This may be indicative of the fact that twisting solutions

have an intrinsic non-Abelian nature.

4.2.3 Non-uniqueness

In all the cases above, neither the Maxwell field nor the scalar field are uniquely de-
termined. They are fixed only up to an arbitrary function of some of the coordinates,
which we are free to choose. This contrasts with the Weyl double copy for vacuum type
D solutions, for which, in a spinor basis adapted to the principal null directions, we
have S3 o (¢2)%/? o Wy, where the proportionality is up to complex parameters [99];
hence the Maxwell and scalar fields are functionally fixed. This feature is related to
the fact that vacuum type D spacetimes are fully determined up to a few parameters,
whereas vacuum type N spacetimes (of any class, as seen above) have functional free-

dom. By analogy, there is additional freedom in the Maxwell and scalar fields in the
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curved background.

In considering a special choice, we may ask whether it is possible to choose ¢2 and
S to be given by specific powers of ¥, as in the type D case, i.e. there exists some
constant a such that ¢o o (¥4)® and S oc (¥4)?*~ 1. The functional dependence of the
results above implies that this possibility holds only for Kundt solutions. For pp-waves,
the power is actually undetermined, i.e. the relation above holds for any a. A simple
choice is @ = 1/2, where S is constant, and in fact this choice implies that Maxwell
plane waves double copy to gravitational plane waves (¢ and ¥y are functions of u
only). For the other plane-fronted Kundt solutions, such a relation is possible for a = 0,
in which case S oc (¥4)~!. Analogously simple choices for the other type N classes are:
S o< 1/r for Robinson-Trautman solutions and S  p for twisting solutions.

Interestingly, pp-waves are the only type N solutions admitting a Killing 2-spinor
[201], another feature that they share with type D solutions.

4.3 Asymptotic formulation of the Weyl double copy

In recent years there has been a surge in the interest in asymptotic symmetries in gauge
theory and gravity. Particularly, since the developments reviewed in [202], which relate
asymptotic symmetries to soft theorems and the memory effect. Given a particular
family of metrics, with specific fall-off conditions near the conformal boundary, an
asymptotic symmetry is a diffeomorphism that acts tangentially to the family. Although
the usual diffeomorphisms do not have physical significance, asymptotic symmetries
change the asymptotic data, modifying the boundary data of the characteristic value
formulation of general relativity. Asymptotic symmetries also provide a way to define
charges in general relativity. For asymptotically flat spacetimes, the standard boundary
conditions are specified using Bondi coordinates. The group of diffeomorphisms that
preserve the Bondi metric is bigger than the Poincaré group. It is denoted as the
BMS group and contains supertranslations and superrotations. Supertransaltions are
redefinitions of the retarded (or advanced) time coordinate on the celestial 2-sphere.
On the other hand, superrotations correspond to conformal Killing generators of the
2-sphere that are not globally well-defined. Consequently, they relate different locally
asymptotically flat backgrounds. Physically speaking, we will see that their effect can
be interpreted as the appearance/snapping of cosmic strings.

Some relations between asymptotic symmetries and the double copy have been ex-
plored in the literature. Supertranslations have been related via the double copy to
electric-magnetic duality [90,189]. Large diffeomorphisms in self-dual gravity and large
gauge transformations in self-dual gauge theory have also been related [203], based on
the fact that the self-dual theories provide a simple setting for the double copy [20].

The notions of celestial operators and amplitudes that arose recently are also revealing
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their own versions of the double copy [204-206]. Closer to the approach to be taken
here, the double copy has been seen to arise in the characteristic value formulation of
general relativity, particularly in the example of the Taub-NUT spacetime [189]. In
[189], it was shown that the Dirac monopole solution can be viewed as a seed solution
for the Taub-NUT spacetime in a characteristic value formulation and, moreover, that
the proper and large gauge transformations of the monopole solution map onto proper
and asymptotic diffeomorphisms of the Taub-NUT solution. More recently, [179] pre-
sented two prescriptions for realising the double copy asymptotically. The first one
applies to radiative fields (Yang-Mills and NS-NS gravity fields), which are fully deter-
mined by characteristic data at null infinity. The second one is based on the dynamics
of asymptotically flat solutions, deriving a map between the asymptotic Maxwell equa-
tions to the asymptotic Einstein equations. This map is motivated by the squaring of
the 3-point amplitude seen in chapter 3, which makes it more closely related to the
amplitudes double copy.

In this section, we will explore aspects of the classical double copy as seen asymptot-
ically, near null infinity, to gain new insights into the connections between these various
subjects. Instead of deriving a new double copy map, we will be guided by the asymp-
totic form of the Weyl double copy. We will see how the Weyl double copy relates in
a simple manner various quantities that are familiar from the literature on asymptotic
symmetries and the characteristic value formulation. While the Weyl double copy has
only been successfully applied to certain algebraically special spacetimes, the fact that
a much wider class of spacetimes is asymptotically special allows to extend its applica-
tion, albeit in a restricted asymptotic framework.'® An example of this was presented
in [2], where the authors considered rotating STU supergravity black holes [207], which
are algebraically general but asymptotically of type D; the Kerr-Newman solution with
equal dyonic charges is a particular case. While a double copy interpretation of STU
supergravity is not known, the asymptotic properties of these solutions were sufficient
to show the presence of the double copy asymptotically.

We will study in detail the C-metric, which is exactly type D, so the Weyl double
copy applies directly [99]. The metric can be interpreted as describing a pair of black
holes uniformly accelerated in opposite directions. The double copy relates the C-metric
to the Liénard-Wiechert field for uniformly accelerated point charges. The Kerr-Schild
double copy is insufficient to deal on its own with this example (even in the multi-Kerr-
Schild framework) due to its time dependence, but the Weyl double copy provides a
complete prescription. Here, we will revisit the C-metric example of the double copy as
seen asymptotically, based on Bondi coordinates, whose construction for the C-metric
is not straightforward. Our study is also motivated by the interpretation of the C-

metric as a non-linear solution associated to a superrotation [208]. This suggests that

0By asymptotically special we mean solutions which are algebraically special in the vicinity of null
infinity, up to a given order in the Bondi expansion.
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its single copy can be interpreted analogously as a large gauge transformation, a result

that we are able to confirm.

4.3.1 Weyl double copy in Bondi coordinates

In the previous sections of this chapter, we argued that for type D and N vacuum

solutions the Weyl double copy takes the form,'!

3c
VUopys = 5 P(ap Do), (4.95)

where we have introduced the proportionality constant ¢ of section 4.1.3, designed to

absorb parameters. In the type D case

S

3= (_2¢aﬂ¢aﬁ)1/4 ’ (4.96)

which only satisfies the wave equation in a (at least locally) flat spacetime, rather than
the curved background. For type N spacetimes, S solves the wave equation on the
curved background, and also the wave equation on a Minkowski background in the case
of non-twisting solutions.

We may introduce a Newman-Penrose null frame [125] (k,n, m, m), where k and n
are null vectors such that k£ -n = —1 and m is a complex null vector, orthogonal to

k and n, that parametrises the remaining two spacelike directions, so that m -m = 1.

Therefore,
g = —2kWpY) 4 2mm), (4.97)
or, in vielbein language
0O -1 0 0
-1 0 0 0
v = E% E} ap, = 4.98
o w £v Tab Mab 0 0 0 1 ( )
0 0 1 0
with
E'=—n’, E'=-k, E™"=m", E™"=m". (4.99)
Equivalently,
Eo=k, Ei=n, En=m, Eg=mm, (4.100)

where £ = Ej dz" and n’ = ny dazt, etc., and E, = Ef 9, and n = n* 9, etc. For

convenience, we can use the above notation to project any tensor into this null frame.

HSome type III examples, in the linearised approximation, were discussed in [100,101].
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For example, for any 1-form X,

Xo=k'X, = -X', X1=n'X,=-X",

] (4.101)
Xp=mhX, =X™  Xp=mhlX, =X"
A corresponding spinor basis (o0,¢) may be constructed, so that
k ~ 0%0%, n ~ 1279, m ~ o%7%. (4.102)

Note that this time we will not require the spinor basis to be aligned with principal null
directions. In such a null frame, Maxwell and Weyl scalars may be defined by projecting
the Maxwell field strength and the Weyl tensor into the null frame. In particular, we

have
$0 = Fom = dap0™0’, 61 = 2(Fo1 — Frum) = dap o™i’
¢2 = Frg = Pap ™1’ (4.103)
and the Weyl scalars as
Vo = Comom = Yagys 0” 070, Wy = Coiom = U 8y5 0% P or 0,
Uy = Comm1 = Yapys 0 o Lé, (4.104)
U3 = Crotm = Yagys 0” BS . Uy = Crm = Uogys Lt Bus,

Therefore, translating the Weyl double copy equation (4.95) into the null frame con-

structed above gives

_ _dda+ 26
S ) S 3 \IIQ =c S )
(¢2)?

g Va=3coo (4.105)

Having re-expressed the Weyl double copy equation in a generic null frame, we
choose coordinates that will provide a direct relation to a characteristic value formu-
lation of the Einstein equation. We begin by assuming that the spacetime is locally
asymptotically flat. 2 Locally asymptotically flat spacetimes provide a mathematical
model of an isolated gravitational system that may be emitting radiation that is mea-

sured by an observer at infinity. We choose Bondi coordinates (u,r, 2! = {0, ¢}), where

2By locally asymptotically flat we mean spacetimes that can be put into a Bondi form as described
below, but with metric components that are not necessarily regular on the 2-sphere. Examples where
there are singularities on the sphere include the Taub-NUT solution and the C-metric.
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u is a timelike coordinate, r is a radial null coordinate and z! correspond to angular

coordinates. In such a coordinate system, the metric takes the Bondi form 3

ds? = —Fe®du?® — 2¢*dudr + r*hyy(dz! — CTdu)(dz? — C7dw), (4.106)

where we assume the following large-r fall-off conditions for the metric components:

F(u,r z!) —1—1—2 rz+1 , B(u,r, ! ZﬂzTHQ , (4.107)

oo o0 ]
CI(Uarjxl)_ZW’ hIJ(u7T7xI)_wIJ—i_CIJ—i_Cz:;IJ_'_ZW

i=0 i=1
with wyy the metric on the round 2-sphere. Note that C? = C;;C!/, where we always
lower /raise indices on tensors defined on the 2-sphere using wr; and its inverse. Fur-
thermore, we fix a residual coordinate freedom in the definition of the radial coordinate
r by requiring that

det(hzy) = det(wyy) = sin? 6. (4.108)

Following Ref. [209], we may choose a parametrisation of hy; that is adapted to this

gauge choice
2hrydatdz’ = (€2 +€29)d6? +4 sin O sinh(f — g)dfdp+sin® (e =2 +e729)dp?, (4.109)

where

I f”L I gz
f(u> r,x ) Z frH‘l ’ g(u7 r,x ) Z rH_l

(4.110)
The tensor Cpy is parametrised by fy and gg, while the higher f;, g; (with i > 2)
(i 2)(

parametrise the D; x!) tensors.

Assuming appropriate fall-off conditions for the energy-momentum tensor, there
are equations relating the various metric tensor components; see Ref. [211]. However,
here we will keep the discussion general by not assuming any fall-off conditions on the
energy-momentum tensor.

Above, we have assumed an analytic expansion in the metric components. This is
a consistent assumption from an initial value problem perspective, in the sense that
assuming an analytic fall-off for initial data will guarantee that the evolved solution

will remain analytic [209]. However, it does preclude some physically interesting cases

3Tn fact, this form of the metric is due to Sachs [209]. The form of the metric that appears in [210]
is restricted to axisymmetric solutions. Moreover, the choice of coordinates that was made in [210] is
not well-adapted to solutions with angular momentum. Therefore, except in section 4.3.2; we shall use
the Sachs form even when dealing with axisymmetric solutions.
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[212-214]. Another more general class of consistent fall-offs that one may consider are
polyhomogenous spacetimes [215-218]. Nevertheless, the analytic expansion we assume
here will be sufficient for our purposes.

We choose the following null frame associated with the metric (4.106): [211]

0 o 1.0 0 m! 0
R —e 2| L T Lol 2 = 4.111
o "¢ ou 2 Or * ol | ™ r Ox!’ ( )
where
2mIm?) = p!’ (4.112)
with h!” the matrix inverse of hr;. In particular, here, we choose
(e +ie™) i(ef +ie9)
_ _uel e 0 4.11
" O T osing 7° (4.113)

2

In this formulation, the Einstein equation divides into three sets of equations (see,
for example, [125,189]): hypersurface equations, which hold in each u = constant
hypersurface, evolution equations, which are first order equations in time derivatives,
and finally conservation equations that are satisfied on r = constant hypersurfaces.
One major advantage of the characteristic formulation of the Einstein equation is that
there are no constraint equations, unlike the situation in the initial value formulation.
C1y(u,x!) constitutes free data, while Fy(ug, X1), C{ (ug,z!) and Dg(uo, z!) are un-
constrained initial data with associated evolution equations. All other metric functions
can then be solved from these functions and their form at time step ug + Awu, derived
via their evolution equations; see [211,219-222].

The frame (4.111) provides a precise formulation of the peeling property mentioned
in section 1.3.4. In such a frame, the Weyl scalars can be written in a 1/7 expansion,

where they take the form

U =0 <r51_i> . (4.114)

More precisely, given our assumptions of analyticity, one has the expansions

L o 1
Vi = Z i roti—i (4.115)
J=0
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The ¥, have the form

o= |30+ i)(fa 4 i) ~ 50"l + 1P~ @O+ 50"

5
. . 1 1
=6 +9)(fs +1ig3)] 5 +O(7)
B4+4) o - by L B 02 05-0] 1 1
1111—[ ) (Cl—zsmHCl)—i-Zma] + 30700 T—4+(’)(r—5),

1+1)

5 a(c? —isinHCf)

1 _ 1
Wy = [Fo —20°0,6° + 5°0° — 0°6%] — + [Fl - (
T

(L=d) oo, ¢y _ S 05 0y, 9 050, Lx_0x 0] L 1
~ O0(C1 +isinfCYy) — 43(0 do") + 2 000" + 460 do " +O(r5)’
o1 1
Wy :56uaor—2 + 0(5),
where (1+4)
+1 .
o = == (fo +igo) - (4.117)

Acting on a scalar of spin n, we have

I e ) n
On=—"——s"0\ 55~ Gno 90 <sinn9)‘ (4.118)

In a similar fashion, we may consider a 1/r expansion of the gauge potential com-

ponents, which for physically reasonable matter take the form

> Aq(f) U,ZL'[ > Ag) u, x!
Au(’LL,T,JII) :Zr(lﬂ)’ AT(U,’I“,{L‘I) :ZT(HQ)’
=0 =0

o0 A(i) I
Arfuraty = 30 ALLT)

=0

;= ) (4.119)
where, again, we assume an analytic form for the dependence of the gauge fields on
1/r. The analogue of the Bondi gauge in this case is to use gauge freedom to set A, to

Z€ero:

A— A—dA, A= / A (u, ' 2h)dr’ + Mzh). (4.120)
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In this gauge, we have

© Aq(f) I e A(i) I
Au(u,r,xl) :ZT‘E:{ECE)’ AT(U,T,ZJ) :O’ A[(U,T,JUI) :Zl(;:w)’
i=0 1=0
(4.121)

with a residual gauge freedom parametrised by A(z!), which corresponds to a so-called
large gauge transformation. This large gauge transformation is the single copy analogue
of the gravitational BMS generator; a statement that we shall make more precise in
section 4.3.3.

The corresponding Maxwell field strengths are of the form

AL
Fu = =0 Au= "5+ O(Ur"),  Fur=0,A; - 0rA, = 0,47 + 0(1/r),

(1)

A
Fpp =0 Ar = ==5- 1 O(1/r),  Fiy =204 =20 A5 +O(1/r).  (4.122)

The Bianchi identity dF = 0 is trivially satisfied, while the Maxwell equation
d*xF =0 (4.123)

is equivalent to

Ou(vV—99""9"" Fps) = 0. (4.124)

In Bondi coordinates
V=g = 7»2@25\/57 (4.125)

while the inverse metric takes the form

0 —e28 0
g = _e—28 e 28 —e—2807 | . (4.126)
0 _e2800  p2pl)

In fact, for type D and for non-twisting type N solutions, the Maxwell field appearing
in the Weyl double copy satisfies the Maxwell equation also on Minkowski spacetime
[4,99].

Using equations (4.103), (4.111), (4.113) and (4.122), we can derive the appropriate
Maxwell scalars ¢g, ¢1 and ¢ in a 1/r expansion. For type D solutions, the scalar S is

then given by

S 1/4
== V2 (67— dun) ! = 0(1/1). (4.127)

Comparing the 1/r expansions of the Weyl scalars (4.116) with the Maxwell scalars
and the scalar given by (4.127) via the double copy relations (4.105) gives an asymptotic
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formulation of the Weyl double copy.

It is important to stress that in formulating the Weyl double copy in the characteris-
tic value formulation, the single copy must be expressed in Bondi coordinates on a flat
Minkowski background. However, the Maxwell scalars must be defined with respect to

the curved null frame.

4.3.2 C-metric and the Liénard-Wiechert solution

In this section, we demonstrate the conclusions of the previous section using the C-
metric as an example. The C-metric is a type D solution that can be interpreted as
a pair of causally disconnected black holes accelerating in opposite directions. The

Schwarzschild-like metric

ds® =

>

! Cpma s e (9 e aaai) |
2 f(7) ) (4.128)

(1 — afcosb)

f(f):<1—2fn> (1—a?7?), g(0) =1—2am cosf

describes a patch corresponding to one of the black holes. The parameters m and « are
related to the total mass and the acceleration of the black holes. In the o = 0 limit, we
recover the standard Schwarzschild metric. There is an acceleration horizon at & =1/«
and an event horizon at # = 2m. Note that whenever am # 0 there must be a conical
deficit along the vertical axis. As we will see, the periodicity of the axial coordinate
can be chosen such that the conical deficit stretches from each black hole to infinity,
but leaves the segment between the black holes singularity-free. In that scenario, the
conical singularities could be viewed as cosmic strings pulling the black holes towards
null infinity. The metric (4.128) is useful to interpret the C-metric, but it is not the
most appropriate for the purpose of this chapter. Its major drawback is that its domain
patch does not include the entirety of the null asymptotic boundary. To overcome this,
we will resort to another common, yet less intuitive, form of the C-metric (C.1). For
a detailed review of the different patches, maximal extension and interpretation of the
C-metric see [223].

The single copy of the C-metric is the analogous Liénard-Wiechert solution [99],
describing an accelerated electric charge. Following the prescription given above, we
need to transform the coordinates for the C-metric to Bondi coordinates and also
transform the coordinates for the Liénard-Wiechert solution to those corresponding to
Minkowski in accelerated coordinates (i.e. the C-metric with the mass parameter m set
to zero). In appendix C, we derive the Bondi form of the C-metric. In the original
C-metric coordinates in which the metric takes the form (C.1), the Liénard-Wiechert
gauge potential reads

A=Quydt, (4.129)
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which can be easily checked to solve the Maxwell equations. In particular, this remains
true if we turn off the mass parameter, so that the metric just describes Minkowski
spacetime in accelerating coordinates. Thus A has the interpretation of being the
Liénard-Wiechert potential for an accelerating charge. After rewriting it in terms of
our new Bondi coordinates (see appendix C), we will simply have that A is given by
1 dy
A4=Q (g —a-T)(dw— <), 4.130
Q(on o (4.130)
where we then implement the various substitutions and expansions detailed in appendix
C. After doing this we find that

Au:—QxCOSG—i-O(l), Ar:Qij(x) COS&+O<1),

r sin26 72 ar?sinf r3
1
Agz—Q:UCSCH—i—O(f), Ag=0. (4.131)
r
After a compensating gauge transformation to restore the A, = 0 gauge choice, we
have
0 1
A, = Qcios (1 —a:+G3/2Gj> +O(—2) ., A, =0,
r sin“ 0 T
1
Ag=—Qu cscH—i—(’)(f), Ag=0. (4.132)
r

These expressions are valid in the general C-metric, but we actually want them just in
the flat spacetime limit, which can be obtained by setting m to zero in the expressions
in appendix C.1. Thus z and Gj(z) are then just given by the expansions in (C.19)
and (C.20) with m set to 0, and so we have

Q cosf < wad > 1
A’LL = — 1 — 0 - | Arp — 0,
7 sin? 0 (u2a? + sin? 9)3/2 * <r2>

1
Ag=— Qua +0(-), As=0. (4.133)
Vu2a? + sin? 6 sin 6 r

Defining the null tetrad (k,n,m) and the scalar components of the Weyl tensor

as before, we find that for the C-metric written in Bondi coordinates as described in
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appendix C, we have

T — i(1 —cos>0 G Gj2)2 VG G"
0~ 16a3 sin® 0 5
(1+1i)cosf (1 —cos?0G G2 G2 G G

U, = O(r ),
! 1602 sind 614 +00™)

+0(r7%,

(1 —3cos?0GG>) G32G" 4
Uy = — o0
2 24 sin® 6 13 00,

(1—1)cosOG2G G
8 sin® 4 12

\1’3 = — + O(T’_s), ‘114 = —

We now make the small-m expansion described in the appendix to give the leading-

order terms in the expansions of the Weyl tensor in (4.134):

3im sin? 0 (u2a? +1)2
402 (u2a? + sin? §)5/2
3(14+14)mu sinf cosd (u?a? + 1)

vy = +O(m?),

0 _ _ 2
= 4(u?a? + sin® 9)5/2 +0om’),
©  m[(3ufa? + 1)sin? 6 — 2u?a?] 9
Y= 2(u?a? 4 sin® 9)5/2 +om’),
3(1 —i)mua? sin cosd 3im a? sin? 0

vy = +om?), v = +0(m?).

2(u2a? + sin? §)5/2 (u2a? + sin? §)5/2

(4.135)

(See eqn (4.115) for the definition of the \IIZ(.j).)
Now we calculate also the field strength for the Liénard-Wiechert potential, and

thence the Newman-Penrose scalars
¢o = F,uu Kt m” 1= %F/.Ll/ (kﬂ n” +m" my> ) G2 = F;w mtn”. (4'136)
We find that at leading order in the 1/r expansion, these are given by

:  ene? 2
¢0:—(1+Z)Q(1 cos® 0 G Gy )\/é—k(’)(r_‘l),

4asin2 63
_Qcosea?’/?cngO(r_g) 5 C(1-i) aQG3?
2sin? 0 r2 ’ 2 2sin 0 r

+0O(r72).  (4.137)

¢1 =

As with the Weyl scalars, the expressions can be made more explicit in a small-m

expansion in which

Gla)=1-a2+0(m),  Gi(x) = (1—a?) "2+ O(m),
z = ua (ua? 4 sin? 0) V2 4 O(m). (4.138)
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Thus we have

~(1+4)Q@sind (u?a? 4 1)
4ar3 (u2a? + sin? 0)3/2

+ O(T_S) ) ¢2 =

Po = + 0™, (4.139)

aQu cos b
2r2 (u2a? + sin? 0)3/2

(1 —4)a@sind
2r (u2a? + sin? §)3/2

¢1 =

We can see from the results for the Weyl scalars in (4.135) and the Maxwell scalars
in (4.139) that a relation of the form seen in (4.105) holds. If we define

2 2 2
P _ dod1 _ ¢o P2 + 207 P12 K 4140
RO - \II[) bl R]. - \Pl Y R2 - 3\1]2 9 R3 - \1’3 9 R4 - \114 b ( N )

then to leading order in 1/r these are all the same:

S Q? —2
Ry—= 2 —— O(r~?), foralla. 4141
3c 6mr(u2a? + sin? §)1/2 o) oreta ( )

From the Weyl double copy, we know that the scalar potential is [99]
S=Q(i+y) (4.142)

for some constant @ In Bondi coordinates this has the large-r expansion

o QVG  Q(2VGGj+cos’0 GG Gj?)

-3 4.143
asinfr 402 sin? 0 r? +00™) ( )
and in the Minkowski background, it reduces to
_ Q 2
S — +0(r ). (4.144)

ar (u2a? + sin? §)1/2

Comparing this expression with (4.141), we find that the two expressions agree once

we choose _
2mQ@)

a@?’

Let us make a clarifying remark. We used the asymptotic Weyl scalars with coef-

(4.145)

ficients given in (4.135), which correspond to the linearised order in m. On the other
hand, the Weyl double copy interpretation of the C-metric is exact [99]. The lineari-
sation in m is actually equivalent to an alternative, but exact, procedure. In [99],
double-Kerr-Schild coordinates were used for the exact double copy, and in these co-
ordinates the Weyl spinor is proportional to m. The advantage of multi-Kerr-Schild
coordinates for the double copy is that they allow us to map the gravitational curved
spacetime to a flat spacetime where the gauge field and the scalar live. Asymptotically,

however, we are interested in using the Bondi coordinates. So the alternative procedure
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would be to start with double-Kerr-Schild coordinates for gravity, and then transform
these into ‘flat spacetime Bondi coordinates’, which we are using for the gauge field
and the scalar. In this way, the Weyl coefficients will indeed be linear in m. We chose

to proceed as in (4.135) for brevity.

Axisymmetric Weyl double copy

We have discussed above how to express the Weyl double copy (4.105) asymptotically
starting from the Bondi form of the metric (4.106). The relation becomes lengthy if one
attempts to write it down in terms of the 1/r expansions for the metric and the gauge
field described in that section. For illustrative purposes, particularly regarding the
discussion of the next section, we will now consider the restriction to the axisymmetric
case, which simplifies the map considerably. The original axisymmetric Bondi metric
reads [210]

ds® = — (Vem — U2r2627> du? — 228 dudr

r (4.146)
—2Ur%e®dudf 4 r2(e*7d6? + e~ ¥ sin? 0 d¢?) |
with fall-off conditions
1y _ clu,2h) -3
”y(U,T,.’E ) =—+ 0(7’ ) ) (4147)
1y2

Blu,r,zl) = _c(z:;) +0(r3), (4.148)

1 1
Ulu,r,z') = —(cg + 2ccot 0)— + (2 N(u,2') +3ccg + 4% cot 0)— + o™,

T T

(4.149)

V(u,rzl) =r —2Mp(u,z’) + O(r 1) . (4.150)

This Bondi form is a subclass of the more general form (4.106), to which it is related
by

AN Fy = —2Mgz (4.151)
T
¢t =(U,0), (4.152)
h e 0 C,
— - =2c. 4.153
1 0 e »sin%0 % ( )

For the gauge field, the axial symmetry allows us to set Ay = 0 in (4.121). Finally,

we introduce an additional simplification, by taking the scalar S to be real in (4.34),
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which leads to (4.36); this applies for instance to the C-metric.'* We can plug these

expressions directly into (4.36) and compare the components to obtain the neat relations

(45)°
59 = —Cuu (4154&)
A© 40 y
ouu’ _ Oplsin 2‘9 Ca) (4.154b)
28 sin” 6
(A)2 + AP AD)
6S =—-M—ccy, , (4.154c)
Aq(}) A(l)
9 —N . (4.154d)

65
In principle, these expressions could be used to obtain (up to constants of integration)

a metric tensor from any axisymmetric gauge potential in Bondi gauge. However, the

system (4.154) is over-complete, which gives rise to the integrability condition

1 0
AP AD NP (Y

“ S sin? @

A(O) 2
w (4.155)
Alternatively, this equation can be obtained by imposing the vacuum Bianchi identities,

VAW pe = 0, on (4.36), assuming that the gauge field satisfies the Maxwell equations.

The expressions above can easily be checked to hold for the example of the C-metric.

4.3.3 Asymptotic symmetries and the Weyl double copy

The classical double copy is fundamentally about relating solutions in gravity and
gauge theory. An important aspect of both gravitational and gauge theories is their
symmetry structure. In gravity, this is given by diffeomorphisms, while in gauge theory
it is gauge transformations. Proper diffeomorphisms and gauge transformations, while
not physical in the sense that they parametrise redundancies in the description of
the same physics, are important aspects of the theories. In addition, there exist also
improper transformations, which generally change boundary conditions and hence are
physical. Any claim towards a new understanding of such theories ought to give some
insight into how the respective symmetry structures arise and how they relate to one
another. No fully general relation has been found yet, but much progress has been

made on both global and linearised local symmetries, e.g. [70,74,224-226], and more

14We also assume here the reality of the couplings-absorbing constant ¢ in (4.36). It should not be
confused with the metric function ¢ in the present section, so here we will choose that constant to take
the numerical value 1/3.
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Figure 4.2: Representation of a superrotation generator acting on S*. Both images show the
same transformation, seen from the front and the back. Darker arrows indicate bigger modulus.
The black rod corresponds to the vertical azis (§ = 0,7 ). The diffeomorphism vanishes at the
contraction point seen in the first image. Note the singular points along on the poles and dashed
line.

recently on asymptotic symmetries [6,90, 148, 179,189,203, 206].

The difficulty arises from the nature of the Weyl double copy due to its gauge
independence. The leading-order asymptotic Weyl double copy is completely insensitive
to symmetry transformations. This can be easily checked for the simplified case of axial
symmetry and real scalar considered in (4.154).

Despite these challenges, some progress has been made on improper or asymptotic
transformations. In [189], it was shown that (proper and improper) supertranslations
on the Taub-NUT background correspond to (proper and improper/large) gauge trans-
formations of the Dirac monopole field. This relation, which has been explored also in
[6,90], relied heavily on the time-independence of the background. Recently, a more
general relation has been given in the context of the self-dual sectors of the respective
theories in a light-cone formulation [203]. Within the self-dual sector, all fields within
both the gravitational and Yang-Mills theory can be described in terms of scalars, and
this formulation helps in relating the symmetries; in fact, it is known to help make the
double copy fully manifest at the level of the equations of motion or the Lagrangian
[20]. It is not clear how similar ideas can be used more generally.

In this section, we study this problem by focusing on the particular example of the
C-metric and its single copy, the associated Liénard-Wiechert solution. In [208], it
was argued that there is a superrotation embedded in the C-metric. From a double
copy perspective, this result indicates that there ought to be an analogous large gauge
transformation embedded in the Liénard-Wiechert potential. Indeed, we find that the
superrotation on the gravitational side maps to a large residual gauge transformation

at leading order.
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The C-metric as a superrotation

First, we review the results of [208], where it is argued that superrotations are to
be viewed as a “memory effect” related to the appearance/disappearance of cosmic
strings piercing null infinity. The intuition behind this lies in the singular nature of the
superrotations, which are elements of the BMS group which are generated by conformal
Killing vectors of the celestial sphere that are not well defined globally. Therefore,
superrotations relate spacetimes that are only locally asymptotically flat. Figure 4.2
depicts the flow generated by a superrotation generator that preserves axial symmetry.
Note how the transformation ‘unwraps’ the sphere, creating an infinitesimal conical
deficit, and conical singularities at the poles. The appearance of the conical deficit and
singularities can be interpreted as the formation of a cosmic string. The C-metric, as

an exact solution, provides a non-linear realisation for such a process; see figure 4.3.

news related by
superrotation

news related by
superrotation

Figure 4.3: A portion of the Penrose diagram for the snapping cosmic string considered in [208]
18 shown on the left. The green area represents the infinite cosmic string metric, which is glued
to a Minkowski patch (in blue) along uw = 0. The trajectory of the endpoints is represented by
the thick line. On the right is the corresponding picture for the (linearised) C-metric. In this
case, we have radiation approaching ¥ . Note that the true Penrose diagram for the C-metric
is more involved [223].

Consider the Bondi news of the C-metric 1°

Nyo = 0,Cop = (4 + 25°G(2)G" () — K*G'(2)?), (4.156)

 4sin? 6

151 [208], the solution chosen was the charged C-metric, since it admits a thermodynamic interpre-
tation: a relation between a and ¢ can be imposed such that the event and acceleration horizons have
equal surface gravities, hence equal temperatures. This is not needed for our purposes. In fact, we will
set ¢ = 0 since the Weyl double copy is only known to apply in vacuum. On the other hand, the single
copy gauge field to be considered later, which lives in flat spacetime, coincides precisely with the gauge
field of the charged C-metric after taking m — 0.
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where k parametrises the deficit angle. Note that in appendix C, we have normalised
k to one. The expression above can be derived by making the x dependence explicit in
the metric (C.1), i.e. multiplying the d¢? term by k2, and using equations (C.10) and
(C.11), as well as the expression for Cyy in (C.18).

We are interested in the limits v — 4oco0. Recall that = is implicitly defined in
(C.10) in terms of the Bondi v and 6 coordinates. Using the parametrisation for G(x)
porposed by Hong and Teo [227] in equation (C.4), these limits correspond simply to
x = £1. The asymptotic structure of (C.10) gives

1 sin’ 0 L ow™ — (4.157)
X — Y u as Uu (0. 9] .
2a2k2 (1 4 2am)3 u? ’
sin? 1 A
r— —1+ —+ 0w ") as u— —o0. (4.158)

2a2k2 (1 — 2am)3 u?

Fixing k so that the segment between the two black holes is regular gives

2 1
— g . 4.159
" IG'(1)]  142am ( )
This then implies that
Sam 1

lim Ngg = — 4.160
ummoo T T (1 +2am)? sin?6 (4.1602)
lim Ngg=0. (4.160Db)

U——+00

The v — =+oo limits of the Bondi news, (4.160b) and (4.160a), are related by a
superrotation. To show this, we start from a Minkowski background, for which Nygg =
0. Superrotations are generated by 2-dimensional vector fields Y/ that are conformal
Killing vectors of the celestial sphere and independent of u and 7.'6 We are interested
in the subgroup that preserves 9, as a Killing vector of the metric. This restricts the

superrotations to a three-parameter subgroup
0 0\ . ¢
Y = ﬁ+,ulntan§ sin@ , Y =po+9. (4.161)

Setting ¥ = 0 and 8 = 0, the effect on the Bondi news of the flat Minkowski metric

is 17

Ngg — — U (4.162)

S

'6In other words, they must generate transformations of the type

z—= f(z), z:ewcoti,
with f(z) a holomorphic function.
179 generates a standard ¢-rotation and B a boost along the z-axis.
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A comparison with (4.160a) reveals that the two limits of the Bondi news of the C-
metric (4.160) are related by the superrotation
8am 0 6 _ 8am

———— sinf Intan - Y =——=0. 4.163
(1+2am)28m ntang 0] ( )

vl =
(1+2am)?

The Liénard-Wiechert potential as a large gauge transformation

Having made the case for the C-metric as a superrotation, it is reasonable to expect
that its single copy, the Liénard-Wiechert potential, has a similar interpretation in
terms of a large gauge transformation.

To investigate this, we need to put the Liénard-Wiechert potential on a background
in which Minkowski spacetime is written in Bondi coordinates and in a gauge in which
A, = 0. We have already done this in section 4.3.2, with the appropriate expression

given by (4.133). In these coordinates, a large gauge transformation corresponds to
AP — A9 — 9,0 (0) . (4.164)

These gauge transformations are the electromagnetic analogues of the BMS asymptotic
symmetries [228,229].
As we did in the previous section, we will compare the two limits of the gauge
potential
Ay = lim A. (4.165)

u—r400

Taking this limit in the expression for the gauge potential (4.133) gives

Ay = 0@ %) du + (—SIQHH - O(r—2)> do , (4.166a)
A_ =00 du+ (Sge + (’)(7"2)) de , (4.166b)

Taking the difference between these gauge potentials we find that

_ 2@ g5 ax) (4.167)

r0 sin 0

A — A

where

AO)=-2Q lntang . (4.168)

This is indeed a large gauge transformation; compare with (4.164). Note the similarities
between (4.163) and (4.168): it is not just that the solutions can be thought of as large
diffeomorphisms or gauge transformations, but the corresponding parameters are also
related. It would be interesting to find a fully general relation, beyond the example
studied here.



Chapter 5

Kerr-Schild double copy

At the end of chapter 3 we touched on how the Kerr-Schild (KS) nature of the Schwarzschild
metric provided a base for the prescription of another classical double copy relation.
Far from being a particularity of Schwarzschild, this relation extends to a broader class

of stationary spacetimes in what is called the Kerr-Schild double copy, and constituted
the first exact classical formulation of the double copy [97].

Since its discovery, the KS double copy has been extended to some multi-KS space-
times [173] and curved backgrounds [230-232]. The KS ansatz is dimension-agnostic,
but the lack of propagating gravitational degrees of freedom in three dimensions has in-
teresting consequences for the double copy [183,233,234]. The KS double copy has been
applied to a wide range of solutions, including static spherically-symmetric solutions
[235], radiating particles [37], Kerr-Schild-Kundt spacetimes [236], self-dual solutions
[187,237], Born-Infeld point charges [238], non-singular black holes [239, 240], shock-
waves and monopoles [190]. Besides mapping solutions, the KS double copy can also
be used to understand how properties of the gravitational solutions map to gauge the-
ory. The exact nature of the map allowed the authors of [191] to study Wilson line
operators and non-trivial topologies, shedding some light on the global aspects of the
double copy. The behaviour of homotopy and the Ricci flow under the double copy
were also studied in [241,242]. Another example is the extension of the KS double copy
for probe-particle geodesics in a Kerr background formulated in [243].

One of the limitations of the original KS double copy is that it is limited to Einstein
gravity, while we know that the complete double copy of Yang-Mills also includes
dilaton and B-field. An extension of the KS class of solutions that is well suited to
deal with these fields was proposed in [149], based on the formalism of double field
theory (DFT) [159,244-249]. This DFT KS prescription applies to solutions with non-
trivial configurations for the dilaton and the B-field. Similarly, there are extensions to
other gravitational theories, which include heterotic gravity [150,250] and exceptional
field theory [151,251]. These developments clearly demonstrate that the ‘double’ in
double copy and double field theory are indeed related; see [252,253] for earlier insights

117
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and [154] for a more recent connection at Lagrangian level. Moreover, the double field
theory approach explicitly relates the left- /right-moving factorisation in string theory,
which is at the origin of the double copy, to the KS ansatz.

In chapter 3 we saw that the most general double copy of a Coulomb charge was
the JNW spacetime. Since this solution has a non-vanishing dilaton field, the original
KS double copy can not reach its entire parameter space. Hence, in order to reproduce
the result using an exact classical double copy, we must employ a DFT generalisation.
Unfortunately, the JNW fields do not satisfy the DFT KS ansatz provided in [149].
In the present chapter, we relax the requirements of the DFT KS ansatz to capture
the JNW metric. By inspecting the equations of motion, we will identify the Maxwell
equations for its single copy, the Coulomb potential [5]. This argument provides a
purely classical alternative to the double copy of the three-point amplitudes studied
in chapter 3. Moreover, in contrast with the calculation resulting from amplitudes,
the DFT KS double copy is exact.! Our calculation will complement other works that
identified JNW as the double copy of Coulomb using perturbative methods [5, 39, 73],

also confirmed in the context of the convolutional double copy [106].

5.1 Kerr-Schild spacetimes

As a first step, we will review the KS double copy prescription outlined in [97]. This
will generalise the example seen in section 3.4.2 and provide an explanation from the
point of view of the equations of motion.

Writing the metric in KS form is a crucial step in making the double/single copy
manifest. A solution is Kerr-Schild if it is possible to find a set of coordinates such that

the spacetime metric g, is put in the form
Guv = Npv + P kpky (5.1)
where ¢ is a scalar field and k, is a co-vector satisfying
" kuky, = 0= g"kk, , (5.2)

i.e. it is null with respect to both the full and background metric. Note that (5.1) is
a full, non-perturbative metric, where the second term does not need to be small. The

inverse metric then takes the form

g =" — okMEY . (5.3)

! Recall that the (standard) multi-KS form of the Kerr-Taub-NUT implied that the classical double
copy map from the 3-point amplitudes was also exact. However, the JNW solution does not satisfy the
KS ansatz and the relation to the Coulomb solution that originates only from the 3-point amplitudes
must be regarded as a first-order approximation.
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The co-vector must also be geodesic with respect to the background metric k9,k,, = 0,
which also implies that it is geodesic with respect to the Levi-Civita connection of g:
kv, k, = 0.

In terms of the scalar field ¢ and co-vector k,, the Ricci tensor and Ricci scalar are

1
RM = Z (0104 (0k%k,) + 0,0%(pkak?) — 0% (pk"k,)),
5 (0" 0a(pkky) (pkokH) — O (pkHky)) (5.4)

R = 0,0, (pk"E"),

where 0% = n#0,. In the stationary spacetime case (Jyp = Jpk* = 0) one may take
the time component of the KS vector as £ = 1. Then, the time-time component is
completely determined by ¢. As a consequence, the components of the Ricci tensor

simplify to

R = %3’51‘ e, (5.5)
) 1 ) ) ) .
Ry = =040 (ph?) — 09 (k)] (56)
1 , » ;
R} = S10' (k' ky) + 03 (k') — O (ki ky)] (5.7)
R = 9;0;(k'k7) , (5.8)

where Latin indices indicate the spatial components.

Now define a gauge field A, = ¢k, with the Maxwell field strength F,, = 0, A, —
OuA,. If the metric satisfies the vacuum Einstein equations R, = 0, (5.5) and (5.6)
imply that the gauge field automatically satisfies the Abelian Maxwell equations

OuF™ = 9,(0%(pk") — & (k")) = 0. (5.9)

One could also obtain a non-Abelian gauge field Af, with the gauge group index a,
from the double copy prescription. The recipe is to take the quantity ¢k, k, of a given
gravity solution, strip off one of the KS vectors, and dress it with a gauge group vector
to get the corresponding gauge field Aj; = c®pk,. Thus, the basic statement of the
double/single copy we will be applying is: If g, = 1. +¢ k. k, is a stationary solution
of Einstein’s equations, then Af = c"pk, is a solution of the Yang-Mills equations
(linearised by the factorisation of the colour index in the constant vector ¢%).

It is worth noting the role of the scalar . In analogy to the complex scalar S in
the Weyl double copy, it satisfies the wave equation on the flat background (5.5). In
fact, ¢ corresponds to the real part of S [99]. The scalar field ¢ can be interpreted as
the zeroth copy: if we were to repeat the double copy procedure to Afj, and replace the

remaining kinematic vector with another colour vector, we would obtain

P = @, (5.10)
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where the primed indices could correspond to a different colour group. The field ®9¢'
is a solution of the linearised (i.e. Abelian) equations of motion of the biadjoint scalar
theory [76,254-256].

For illustrative purposes, we can revisit the simplest example, Schwarzschild, but
this time in Lorentzian signature. In ingoing Eddington-Finkelstein coordinates, the
metric reads

ds? = —dv? + 2dvdr + 2dQ3 + 277” do? . (5.11)

Comparing to (5.1), the first three terms represent the flat metric and from the last
one we deduce 5
F=dv, =2, (5.12)
T

Under the KS map, we then find the Coulomb gauge potential

Qc*

r

At = dv , (5.13)

where the Schwarzschild radius has been replaced by a charge parameter. A gauge
transformation can be introduced to recast A% in a more familiar way by replacing dv
with dt.

It is also worth mentioning that the self-dual sectors also exhibit useful properties
in this context [97,187]. In self-dual solutions, k* can be promoted to be a differential

operator in position space k¥ — k*, and the metric can be written as

uv = Nuv + fg,ul%z/(¢) . (5.14)

This description is more closely related to the amplitudes double copy, given the mo-

mentum space nature of the operator k+.

5.2 JNW as the double copy of Coulomb

We have seen how the KS double copy relates the Schwarzschild solution to the Coulomb
potential. However, previous chapters have pointed at the JNW solution as the com-
plete double copy of Coulomb. The JNW solution is a static, spherically symmet-
ric, asymptotically flat deformation of Schwarzschild with a minimally coupled dilaton
field [109]. Due to the presence of the dilaton, the standard KS prescription described
in the previous section does not apply. In the present section, we will discuss how to
define an exact double-copy map based on double field theory (DFT). To this end, we
introduce an ansatz for the generalised metric in DFT, by relaxing the null condition
in the KS formalism, and derive a pair of Maxwell solutions as the two factors in the
double copy. We apply this general formalism to the JNW case and show that both

Maxwell solutions are the Coulomb potential, which is therefore the single copy of



CHAPTER 5. KERR-SCHILD DOUBLE COPY 121
JNW.

5.2.1 The JNW solution

As a preliminary step, we review the JNW metric and proceed to put in in a form that

will be useful later on. In Einstein frame, the JNW metric is

a _a 1—a
ds2 = — (1-20)0 g2 + (1-20) oqr2 4 (1-0) 02402, (5.15)
T r r ?

with the dilaton field

o= 100 (1_?>7 (5.16)

2 ro

where

ro=va2+ b2 . (5.17)

The two parameters a and b parametrise the mass and the dilaton charge respectively.
The special case for which b = 0 and a > 0 is the Schwarzschild solution. If ¢ > 0 and
the dilaton field is non-vanishing (i.e., [b| > 0), the solution is still asymptotically flat,
but there is a naked singularity at zero radius, which corresponds to r = rqy since the
2-sphere factor vanishes in the line element. This naked singularity is not surprising
because the uniqueness theorems prevent a scalar-hair deformation of the Schwarzschild
solution.

We have introduced the JNW metric that solves the Einstein-dilaton equations of
motion in the Einstein frame. However, for the remaining sections it will be more
convenient to work in the string frame. This is achieved by performing the following
field redefinition

Gy = Gy = €N g7,

$o= lim & .

r—00

(5.18)

In this section, since we are not working in perturbation theory, we suppress the cou-
pling constant x, and use instead a common string-frame normalisation convention for

the fields. The action in the string frame then reads

1
S=2 [ dz\/—gSe2? (R - EHW,,HW” +40,6 awp) , (5.19)

which corresponds to the low energy effective action of string theory. In the string

frame, the JNW metric is given by

ds? = €% [— (1 - @>% dt* + (1 - @>%g (dr® +r(r —rg)dﬂg)] ,

T r

b
= (1-2)" r=vVa e

r

(5.20)
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While JNW does not admit KS coordinates, we can express it in a similar manner,
inspired by the generalised KS form of double field theory [149]. We start by defining

the area-radius coordinate

—a

o\ 7o
R? = ¢%* (1 - ?0> O r(r—ro), (5.21)
such that the metric reads

ds? = —fi(r) dt* + fr(r) dR? + R* Q3

o\ r(r—r (5.22)
= (=) fR(r):(QTZiEL—Fbi)TO)Q.

r

Changing to ingoing Eddington-Finkelstein coordinates,

r(r) 4p

dv =dt + £

ds® = —dv? + 2\/fi(r) fr(r) dvdR + R?d03 ,
— —dv® + 2dvdR + R*dQ3 + (1 — fy(r))dv (dv L 2V A() Falr)

T dR) . (5.23)

where the first three terms are the flat background metric. Let us define two auxiliary

variables and another change of coordinates:

v=T+ R,
Vil fi(r)=1- (1— %0) W (5.24)
wi=1- 2 (1= VAETa0)

9 ro+a+b

1 (1 - %0)70 (1 - W)_ll . (5.25)

The line element is transformed into

ds? = —dT? + dR? + RZAZ + VI 1",

(5.26)
’=dT +dR, P =dT + wdR ,

which is reminiscent of KS. Note, however, that only in the Schwarzschild case (i.e.,
b=0,w = 1) doland [ coincide, and we recover the standard KS form of Schwarschild.
Moreover, the metric does not even admit the DFT generalisation of the KS metric
[149], because [ is not null unless @ = 0 or b = 0. A relaxation of the DFT KS form is
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therefore required. Some of the properties of the vectors still hold:

", =0, "9,l, =0, "o, =0, (5.27)
", #0, "o,l, =0, "o,l, =0, (5.28)

where we have used the flat metric to contract indices. Finally, we can express it in

Cartesian coordinates,

ds? = —dT? +dX;dX; + VI,

X X (5.29)
P =dT + =2 dX; P=dT + w2l dX; .
TR tYTR
Setting
ro+a+b
To\ " 2n To +a— b
P 1 — 7) 0 ]. - ) *
p=-v(1-7 ( BT ) (5.30)
the metric can be written in the form
ds? = —dT? +dX;dX;, — — 2 PP 5.31
§ * 1+e@-n (5:31)

which obeys the KS-like ansatz (5.46) to be used in section 5.2.2. In this coordinate

system the following relations also hold

detg = — (‘/(12“’) - 1>2 : (5.32)
= v 5.33

P = —m ) (5.33)
w=1-2V"+e . (5.34)

5.2.2 Double field theory and the relaxed Kerr-Schild ansatz

Double field theory is a closed string effective field theory in D spacetime dimensions
with manifest T-duality, where the latter is expressed by O(D, D) covariance in a
‘doubled spacetime’ where points are labelled as (2*,Z,) [159,244-249]. It provides
a unified geometric framework for the entire massless NS-NS sector, encoded in an
O(D, D) covariant manner in the DFT fields, which are the generalised metric Hasn
and the DFT dilaton d.

Throughout this chapter, M, N,... =1,...,2D are O(D, D) vector indices.

The generalised metric is a symmetric rank-2 O(D, D) tensor satisfying the O(D, D)
constraint,

HaupT P9Mon = Tun (5.35)



CHAPTER 5. KERR-SCHILD DOUBLE COPY 124

where Jyn is the O(D, D) metric

0 oty MN 0 9"
7 , 5.36
JMN <5uy 0 ) J (5“1/ 0 ) (5.36)

which defines the inner product and raises and lowers the O(D, D) vector indices. One
can solve the O(D, D) constraint such that the generalised metric H and the DFT

dilaton d encode the usual string-frame massless NS-NS fields as follows:

gt 7gMpoV

Hun = . e 2= /—gem, (5.37)
(B,upgpy uv — BupgpoBau>

In general, O(D, D) vectors unify a D-dimensional vector and form field pair into a
single object. For example, an arbitrary O(D, D) vector V), is parametrised in terms

of a D-dimensional vector v and a form field &, as

n
Var = (” ) . and VM= gMNy, = (k“> . (5.38)

o
k, v

An important feature of DF'T related to the double copy is the doubled local Lorentz
group, O(1,D — 1);, x O(1,D — 1)g, which is the maximally compact subgroup of
O(D, D) including the Lorentz group. The doubled local Lorentz group originates in
the left-right mode decomposition of the closed string, and shares the same origin as the
KLT relations [12] in string scattering amplitudes, which underlie the double copy. This
structure is transparent if we introduce a chiral and anti-chiral basis in the doubled
vector space. One may recast the O(D, D) constraint as Hy P HpY = 6p/Y, and it

defines a pair of projection operators,
1 _ 1
Py = (0™ +HMY) P = (0 = M) (5.39)

These project the doubled vector space into chiral and anti-chiral sectors which corre-
spond to the left- and right-moving sectors, respectively.

Motivated by the KS-like form of the JNW metric (5.29), we introduce an ansatz
for # and d in terms of two O(D, D) vectors, Ky and Ky, where K is null but K

does not have to be null in general,
KyKM =0, KyKM +£0. (5.40)

Let us consider a flat background, gouw = 1y, By = 0 and ¢ = constant, and denote
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the corresponding background DFT fields as Hg and dy, where

0
HomnN = , dop = constant . (5.41)
0 M

We associate to Hg a pair of background projection operators Py and Py via (5.39). As
we have described above, the chiralities are closely related to the underlying structure
of the double copy, hence we require definite chiralities on Kj; and Ky for the manifest

left and right mode decomposition,
PoiNKy = Ky, PoniVKEn =Ky . (5.42)

This implies that K and K are orthogonal, Kp; K™ = 0. One may solve the above
chirality conditions explicitly using (5.41), which yields

Ky=— (" ST (5.43)

M= 7= ; M= 7 I :
\/5 nuylll \/i _np,ull/

Now we are ready to write down a KS-like ansatz for the generalised metric:

2
_ _ K _
Hun = Houn + k(K Ky + KnKy) — ?SO2K2KMKN ; (5.44)

d=do+Kf,

where £ is an expansion parameter. We refer to this form as the ‘relaxed KS ansatz’
because the null condition for the DFT KS ansatz of [149] is partially relaxed; the latter
is recovered when K is a null vector. Though the null condition is relaxed, the new
ansatz satisfies the O(D, D) constraint (5.35) automatically without further truncation.
Substituting the parametrisation of K and K in (5.43) into (5.40), we obtain conditions
on [ and [:

L* =0, L"#0, LI" #£0, (5.45)

which are consistent with the JNW geometry as expressed in (5.29). Interestingly, the
feature of the partially relaxed null condition is analogous to previous studies such as the
‘extended’ KS ansatz [257] and the heterotic KS ansatz [250]. From the parametrisation
of H, we can easily read off the corresponding ansatz for the metric and Kalb-Ramond
field:

= My — —— 1,
uv = Nuv 1+%(ll—)(uy)a

2,272
g =" + kol M) + K77 MY, (5.46)

K@ -
By = ——2 1.
T ER(-T) ]
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It can easily be seen that the JNW solution fits this ansatz. The JNW metric was
written precisely in this form in (5.31); we kept x # 1 here for clarity. As for the
Kalb-Ramond field, given the JNW expressions for ¢, [ and [, it is of the form B =
B(r)dR AdT. Since r is a function of R only, By, is pure gauge and it can be set to

Zero.

5.2.3 DFT equations of motion and the single copy

The field equations of DFT are given by the generalised curvatures, analogously to
general relativity.? The generalised curvature scalar R and tensor Rjsn defined in
(D.10) are the equations of motion of the DFT dilaton and the generalised metric,

respectively,
R=0, R =0, (5.47)

where R, is a pullback of Ry into the D-dimensional spacetime. Note that R,
is not symmetric nor antisymmetric: the symmetric and antisymmetric parts are the
equations of motion for the metric and the Kalb-Ramond field, respectively. These
reproduce the supergravity equations of motion for the massless NS-NS fields in the

string frame,

1
R,, +2V,V,¢ — EHMMHV P =0,

1
R+ 406 —4V"V,6 — = Hu, H' =0 , (5.48)
VPHpy — 2H 0 VP =0 |

which follow from the action (5.19).

Let us now discuss the field equations subject to the relaxed KS ansatz (5.44).
Recall that, in the KS ansatz, an additional constraint is required in order to linearise
the equations of motion, which in the case of general relativity is the geodesic condition
on the null vector field. Such a constraint is obtained by contracting the null vectors
with the free indices of the (generalised) curvature tensor. In the case of our relaxed
KS ansatz, however, it is very cumbersome to work with this constraint. Therefore, we
will assume a stronger constraint, which is satisfied in a class of solutions that includes
JNW. We impose

KMoy Ky =0, (5.49)

which reduces to the second equation of (5.27). Note that, while the analogous con-
dition also appeared in the KS ansatz of DFT [149], in our ansatz we allow for
KM@y Ky # 0. Given the null condition on [ and the constraint (5.49), the gen-

2See appendix D for a concise review of the equations of motion in DFT.
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eralised curvature tensor reduces to
1 2kfap| ,—2kf 7 7 7 2 27 qo7. 7
Ry = 162900 [ 29 (9, (wpludy) — Du(m @loL) — 00 (01,d,) — 2600 T, ) |
K2 7 7 K2 272
+ 50,00 f + 3<¢zpzyauap o+ l,020,0, f) — S POl

2 2 3
+ O (PP — T P00, (6l ly) + 170, (LoD, f) = 0.

(5.50)

We now discuss how to extract the single copy from R . By carrying out the same
procedure described in the conventional KS formalism, it can be shown that one obtains
the Maxwell equations from the gravity equations of motion. Suppose that the relaxed
KS geometry admits at least one Killing vector £&. We also assume that the Killing
vector is constant in our choice of coordinates, and satisfies £V0,F, ..., = 0, where
Fui-uy is an arbitrary tensor field. We will be interested in the timelike Killing vector
& = Or for JINW. The single copy can be realised by contracting the Killing vector &
with one of the free indices of the field equations of the generalised metric, R,,. We
further require that [, [ and ¢ are normalised as &1 = £-1 = 1, which is directly the case
for JNW in (5.29). Such normalisation is always possible since the KS form is preserved
under the rescaling of [ and I. Recall that R, is not symmetric nor antisymmetric,

thus there are two distinct equations:

1 N 5 1ot 00r o+ 1 o
E'R = Zleaﬂ[za[p(gpzM) 4105 f — e F10,1,) } + 5 G0 |
1 ~7 ~7 ~27107 7 ~j0
"Ry = e [aﬂ(za[p(%]) + 4@l 0, f — e @211, 00 1) + 2617 0,0, f (5.51)

+ %@l’” (0p(€*T Ble) D1 — 0,(0, (¥ o )IP) + 21°0,, (€% Bl oD, f))} :

where we defined ¢ = e 2f¢ and we set x = 1 for simplicity.

It is not immediately obvious how to extract the single copy from (5.51) due to
the higher-order terms in x, as opposed to the simpler case of the DFT KS ansatz.
However, the terms linear in x in overlap with the analogous computation in the DFT
KS case. Thus one may guess that the higher-order terms would be extra contributions
over the KS single copy relation, where the two gauge fields are proportional to [, and

l,. Let us collect the higher-order terms, and express them with the help of a pair of

auxiliary vector fields C,, and C_'M, obeying

1 9 oA T . .
9y Chy = 0" (1€ G0 Dl — 280,01 ) + GO0

1 ~2707 7 ~7 ~70
Bpa[pcu] = —8p<§62fg02l l[,,8‘o|lp] — 2g0l[,j8p]f) + @l?0,0, f (5.52)

+ i@f“ (ap(e2f Plo)O1P — 9,(8, (€* Pl)IF) + 21°0, (e*! $l,0, f)) .
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Notice that these definitions are possible because the currents on the right-hand side
are conserved, by virtue of the equations of motion, i.e., 9*9°9,C, = 8“8"8@614 =
0. Even though the equations look rather complicated to solve, the Killing direction

components can be easily integrated as

1 _
oF (8;;0& + *SQfSaQZaaalp - 2§58pf> =0,
2 ’ (5.53)
0 (9,Ce + 5 3170, — 20,1 ) =0,

where C¢ = £#C), and OE = SNC_'/“ and we have used the normalisation, [z = Zg = 1.
This indicates that C¢ and C_'g should be identified; indeed, that will be required by the
uniqueness of the ‘zeroth’ copy to be discussed shortly. As for the other components
of C and C, we have to treat them case by case. We will discuss the JNW example in
the next subsection.

Making the use of the auxiliary fields, (5.51) reduces to the following compact form,

1R, = aﬂ[ap(gazu +C) — 8,3l + Op)} —0,

167U Ry, = 0| 9,(@l, + C) = B,(Fl, + Cy) | = 0. .
This can be interpreted as a pair of Maxwell equations
0M'Fu, =0, OME,, =0, (5.55)
by identifying the gauge fields as the single copy
A=l +Cy,  Ay=¢l,+C,. (5.56)

Here, F},, and F;w are the field strengths of the A, and Au respectively. This ensures
that solutions of (5.48) with the form of (5.46), subject to the constraint (5.49) and
the stationary condition, can be represented by a pair of Maxwell gauge fields.
Finally, we can consider also the ‘zeroth copy’. It is obtained in our formalism by
contracting the Killing vector into both free indices of R, leading to a scalar equation

of motion. One may use the result of (5.54) to get a pair of d’Alembertian equations,
O(p + Ce) =0, O(@+Ce) =0. (5.57)

As we mentioned, C¢ and C’g should be identified. The zeroth copy can therefore be
recognised as
=0+ Ce=¢+Ce. (5.58)
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5.2.4 JNW and Coloumb

So far we have considered a general construction of the single copy for the relaxed
KS ansatz (5.46). We now apply the previous formalism to the JNW case and show
that the corresponding single copy is the Coulomb potential (i.e., both A, and /_1“ are
Coulomb). As noted before, we need to determine the auxiliary vector fields C), and
C’“ to spell out the single copy. Since the JNW geometry is static, with timelike Killing
vector ¢ = O, Cr and Cr can be solved straightforwardly from (5.53). If we substitute

all the necessary data, we get

2
0,Cr(r) = 0,Cr(r) = —e (%arv F O+ 2020, f) (5.59)

in the asymptotically decaying case. The field strengths associated to (5.56) satisfy

—rg+a—>b

_ T 0 ,_L“‘b,_(a"i‘b)
1 7“) li= R? li= R3

Fir = Fir = (a+ b)r %

X;. (5.60)

These are nothing but the electric field for the Coulomb potential, and it turns out
that all other components of the field strengths vanish. In particular, we can easily
show that the spatial components of the static, spherically symmetric gauge fields A,
and Au are pure gauge. This is better seen in spherical coordinates, where the only
non-vanishing spatial component of I, [, C or C is the radial one, and it only depends
on the radial coordinate, which is also the case for . Therefore, the relevant spatial

vector fields are all curl-free,

Hence, A; and A; are pure gauge, and only Ap and Ar contribute to the field strength.

This shows that the single copy for the JNW solution is given by a point electric
charge as expected. The corresponding electric charge parameter is associated to the
linear sum of the mass and dilaton coupling in the string frame, a+b. As argued earlier,
the two parameters in gravity reduce to one via the single copy.

One interesting point is that the single copy exists and is the same whether the
gravity solution is a naked singularity (b # 0) or the Schwarzschild solution (b = 0).
This highlights the fact that the single copy does not reflect the causal structure of
the gravity solution. Some reflection indicates, however, that this is to be expected.
The single copy does not apply to the full metric, but only to the deviation from the
Minkowski metric. It is from the interplay between the Minkowski metric and the
deviation that the causal structure arises.

Finally, using (5.58), it is straightforward to consider the zeroth copy. As expected,
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the associated linearised bi-adjoint field for the JNW solution is a Coulombic potential,

a+b

q):¢+CT: 7

(5.62)

which is the static, spherically symmetric solution that decays asymptotically.
Therefore, both the single and zeroth copies for the JNW solution coincide with
those of the Schwarzschild solution, up to irrelevant constant factors, as anticipated at
linear level in chapter 3. The standard KS procedure can only explore the region of
the parameter space where the dilaton vanishes. One remarkable feature of the DFT
approach is that it exhibits the double copy origin of Kerr-Schild-type maps of solutions
between gravity and gauge theory, by associating the pair of Kerr-Schild-type vectors
to left- and right-movers in closed string theory. Moreover, it shows that, when the
dilaton is turned on, the exact double copy is best expressed in the string frame, rather
than the Einstein frame. These features are reminders of the string theory origin of the

KLT relations and the double copy.



Chapter 6
Concluding remarks

The nature of the double copy is truly fascinating. It is the manifestation of the secrets
gravity stubbornly holds back from us. All the evidence in its favour, contrasted with
our inability to prove it, is an indication of the gaps that we might be missing something
about gravity. That on its own is a very good reason to carry on exploring the double
copy, but not the only one. In its relatively short life, the double copy has found
applications in many other fields, from state-of-the-art gravitational wave calculations
(e.g. [258]) to fluid dynamics [178,259]. The journey of this thesis has also shown how
the implications of the double copy span from the most fundamental interactions of

quantum field theory to black holes.

Classical from quantum

Let us summarise our results in more detail. We used the building block of the on-
shell approach to scattering amplitudes, the three-point amplitude, to study classical
solutions in electromagnetism and gravity. The three-point amplitudes studied cor-
respond to the emission of a messenger (photon or graviton) by a charged/massive
particle, and the classical solutions are precisely the solutions sourced by the massive
particle. In order for the three-point amplitude to be non-trivial, we worked with a
split-signature spacetime. The alternative would have been to consider complexified
momenta in Lorentzian signature, as often done in the scattering amplitudes litera-
ture, but we found the split-signature choice more straightforward, given that relevant
quantities like spinors are real. Moreover, split signature is interesting in its own right,
particularly regarding boundary conditions and the meaning of causality. We discussed
how our results are related via analytic continuation to Lorentzian signature.
Building on the KMOC formalism [44], we used the three-point amplitude to deter-
mine the coherent state generated by the massive particle, which is associated to the
split-signature versions of v/Kerr-dyon and axion-dilaton Kerr-Taub-NUT solutions, for

electromagnetism and NS-NS gravity respectively.
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We described how to extract from that a classical field, namely via the expecta-
tion value of a quantum operator on the coherent state. As operators, we considered
the ‘curvatures’: the field strength in electromagnetism and the generalised spacetime
curvature in NS-NS gravity. These are gauge-invariant quantities (for gravity, in the
linearised approximation). We found that the vacuum expectation value of these cur-
vatures is an on-shell Fourier transform of the corresponding three-point amplitudes.
This is easier to verify when we express the curvatures in terms of spinors, namely the
Maxwell and Weyl spinors. As anticipated by previous work on the classical double
copy [90,97,99,146,173|, we saw that magnetic charge in gauge theory indeed double
copies to NUT charge in gravity. Furthermore, our methods confirmed the three-point
amplitudes associated by more indirect arguments [90,146] to Taub-NUT and its spin-
ning generalisation, Kerr-Taub-NUT. Indeed a split-signature form of Kerr-Taub-NUT
and its scattering amplitude also appeared in [143,144].

The expressions we obtained for the Maxwell and Weyl spinors exhibit a Weyl-type
classical double copy in on-shell momentum space. Although many previous results
support these ideas, we have provided here the ultimate connection to the double copy
of scattering amplitudes. The Weyl double copy in on-shell momentum space is the
amplitudes double copy. The simplicity of the map, together with its neat connection
to the amplitudes double copy allowed us to clarify the role of the axion and dilaton
on the classical double copy.

The most basic example of a classical double copy relates a Coulomb charge to a
Schwarzschild black hole [97]. However, the literature also contains a different double
copy of Coulomb: namely the JNW solution [39,73]. The origin of this non-uniqueness
was discussed in [5], where a Kerr-Schild-type exact double copy interpretation of JNW
was also presented, and in [106], where an off-shell convolutional approach based on
the BRST formulation (including Fadeev-Popov ghosts) [74] was used. We were able
to understand the origin of the non-uniqueness using the framework introduced in
[1]. It arises directly from choices inherent in the standard double copy of scattering
amplitudes. At the level of amplitudes, it is always possible to define the gravitational
theory by declaring that its three-point amplitudes are either the double copy of two
same-helicity gluons (resulting in Einstein gravity) or the double copy of two same-
helicity gluons and two opposite-helicity gluons (resulting in NS-NS gravity). Making
the former choice, the double copy of Coulomb is indeed Schwarzschild. The latter
choice, by contrast, leads to the JNW solution. So we are free to choose the couplings
of the massive particle.

It is fascinating that the Kerr solution and its single copy, vKerr, correspond to
particularly simple three-point amplitudes [88]. Clearly, this fact is related to the
Newman-Janis shift, which is an all-orders property of Kerr [145]. Turning on a mag-

netic charge in addition to the spin leads to a spinning dyonic solution which is, to date,
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the most general known three-point amplitude in pure gauge theory. The double copy
of this amplitude in pure gravity is the Kerr-Taub-NUT solution [146]. However, it is
also possible to perform the double copy of these amplitudes in NS-NS gravity where,
as we have seen, the resulting class of solutions is of the type Kerr-Taub-NUT-dilaton-
axion. This generalises the previous discussion of the double copy from Coulomb to
the JNW solution to the more general three-point amplitudes.

We showed that our double copy prescription is formally equivalent to the convo-
lutional double copy [70,75,106], but with the advantage, from our perspective, of
being supported on on-shell momentum space, with a direct connection to scattering
amplitudes. It also leads to the previously known Weyl double copy in position space,
clarifying another apparent mystery in the classical double copy. For scattering am-
plitudes, the double copy is clearly a creature of momentum space: it is local in that
context. Yet the classical double copy is frequently presented in position space — the
question is then how does locality in position space somehow become locality in mo-
mentum space? In section 3.4, we showed that this locality arises non-trivially only
in specific cases which include the Kerr-Taub-NUT solution. Finally, the Kerr-Schild
nature of some of the solutions allowed us to promote the linearised expressions to exact
relations. We illustrated this point with the split signature equivalent of Schwarzschild.

Despite this progress, there is still much to be understood. The classical double copy
obviously applies to solutions which are not (yet) connected to scattering amplitudes.
An important example is the (A)dS-Schwarzschild metric, which is related by the Kerr-
Schild double copy to an electromagnetic solution with a point charge immersed in
a background of constant charge density [173]. Given that the classical double copy
connects to scattering amplitudes as well as configurations with a cosmological constant,
perhaps it can lead to some insight into the amplitudes double copy in the presence of
a cosmological constant.

Another topic that deserves more research is the characterisation of spacetimes that
admit a local, position-space double copy. Although we explored the reasons behind
locality in the Kerr-Taub-NUT family, we know that more solutions exhibit local maps.
That being said, it is not realistic to expect a local map that works for any solution.
We argued, for example, that the JNW metric does not exhibit a local double copy
map. A more realistic expectation would be a momentum space double copy that
works for all solutions that can be described by amplitudes. This map does not need
to be one-to-one. From our discussion, it is simple to see that different combinations
of single copy amplitudes can lead to the same gravity amplitude. Still, finding a
general rule to achieve this would mean having a direct link between classical and
quantum maps, and unifying all the different prescriptions present in the literature.
It could also help understand which of the many classical maps do not agree with

the amplitudes double copy. There are known examples of maps between classical
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solutions in electromagnetism and gravity that disagree with the amplitudes double
copy [179,260].

There are several obvious and exciting avenues for future research. The most obvious
one is the consideration of self-interactions in gravity, i.e. going beyond linear order,
using the on-shell formalism of the coherent state. This will be particularly illuminating
in the cases of non-vanishing axion and dilaton, where the Kerr-Schild linearisation of
the equations of motion does not apply. It will be interesting to explore this result
better in position space, without resorting to Kerr-Schild coordinates beyond linearised
order, to understand what the Kerr-Schild condition means from the point of view of
amplitudes.

From our work, it would seem like the existence of an exact classical double copy
is tightly linked to Kerr-Schild metrics. However, as we saw in chapter 4, type N
solutions also exhibit exact classical double copy structures. This might indicate that
the Kerr-Schild nature of the solutions obtained from amplitudes is a consequence of
the point-particle source and not a necessary feature for the exact classical double copy.
Perhaps the most interesting avenue would be to extend our results beyond static point
particles. There are related KMOC formulations in the literature linking coherent
states to radiation fields [67]. Obtaining amplitude representations of the type N Weyl
double copy would provide a novel understanding of the double copy beyond linearised

level.

Weyl double copy

The Weyl double copy was first introduced [99] as a procedure to decompose the Weyl
spinors of vacuum Type D spacetimes into Maxwell spinors. This map is completely
on-shell, which means that the resulting Maxwell spinors automatically satisfy their
equations of motion. We confirmed that the Weyl map obtained from amplitudes
coincides with the standard Weyl double copy. This was done by expressing the Weyl
double copy directly in terms of tensors. The tensorial map also provided an intuitive
way to study how the amplitude transformations of the first chapter translate into
the exact language of the classical double copy. We showed how the Ehlers group
transforms the mass parameter and NUT charges. This induced an electromagnetic
duality transformation in the single copy, indicating the # parameter introduced in the
amplitude double copy map generates a linearised Ehlers rotation.

Our argument was limited to a single example, which was not able to explore all
the freedom of the Ehlers group. Therefore, it would be interesting to apply the trans-
formation to other solutions to obtain more general results. Very recently, another
transformation between mass and NUT parameter was proposed [199]. This transfor-
mation does not require the existence of a Killing vector, and it is isomorphic to U(1),

making it a candidate for the double copy of electromagnetic duality rotations in less



CHAPTER 6. CONCLUDING REMARKS 135

symmetric spacetimes.

Another of our goals was to generalise the Weyl double copy beyond type D solutions.
The authors of [99] already hinted at this by considering pp-waves. We showed that
other vacuum type N solutions also exhibit double copy relations. For any non-twisting
solution, both the Maxwell field and the scalar satisfy their equations of motion on flat
backgrounds, establishing a traditional double copy relation. We performed explicit
checks for Kundt and Robinson-Trautman solutions. The main difference with respect
to type D metrics is that there is a non-uniqueness in the splitting between the scalar
field and the Maxwell spinor. We argued that this was a consequence of the functional
degrees of freedom in type N solutions, as opposed to the parametric degrees of freedom
of type D solutions. Type N solutions with twist are more complicated. The lack of an
appropriate flat space limit implies that the gauge field does not satisfy flat Maxwell
equations, hindering the standard double copy interpretation. However, the map is still
valid if one keeps the fields on the curved background. At linearised level, these fields
live on Minkowski space, but the map is no longer exact.

We have also taken steps toward providing an asymptotic understanding of the
classical double copy. We have shown how the Weyl double copy can be formulated
asymptotically in the neighbourhood of null infinity, where it applies to a wider class
of spacetimes, including algebraically general ones [2]. Our study of the asymptotic
symmetries could help to make connections with recent advances in celestial (i.e. flat-
space) holography. We showed how the Weyl double copy of the C-metric provides a
link between superrotations and large gauge transformations. This extends the known
relations between them beyond the self-dual sector [203].

The next natural step would be to understand this formulation at sub-leading orders,
i.e. moving from asymptotic infinity into the bulk. This may assist us in generalising the
Weyl double copy beyond algebraically special solutions in an appropriate expansion.

It would also be interesting to understand how our formulation fits in with the
story of conformally primary metrics on the celestial sphere and their double copy

interpretation [206], where the C-metric still provides a puzzling example.

Kerr-Schild double copy

The last chapter was devoted to the Kerr-Schild double copy. We showed that the most
general double copy of the Coulomb solution is the JNW solution, which includes a mass
parameter and a dilaton parameter. This is consistent with previous perturbative works
[5,39,73,106]. However, we provide exact evidence, extending the double field theory
Kerr-Schild ansatz of [149]. One remarkable feature of our approach is that it exhibits
the double copy origin of Kerr-Schild-type maps of solutions between gravity and gauge
theory, by associating the pair of Kerr-Schild-type vectors to left and right movers in

closed string theory.
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Our method was only applied to JNW, a special case of the more general linearised
solution obtained from amplitudes in chapter 3. An extension of this analysis would
allow us to study the double copy interpretation of the most general known static,
spherically symmetric and asymptotically flat solution to NS-NS gravity [169]. It is
more general than the JNW solution, in that it admits a B-field whose field strength is
spherically symmetric. The ‘single copy’ is not, however, the Coulomb solution, since
two distinct gauge-theory solutions are required to introduce the antisymmetric B-field
via the double copy.

On a similar note, it might be possible to use this formalism to obtain a rotating
JNW solution, which is currently unknown. The linearised version of the solution was
obtained in chapter 3 already, and it could be used in conjunction with the generalised
DFT ansatz to generate the new solution.

Another interesting point is the connection between the double field theory and
the double copy. In particular, double field theory could provide an interpretation
for the generalised connection of section 3.1 in terms of DFT generalised curvatures.
The absence of an analogue of the Weyl tensor in double field theory makes this point

particularly intriguing.

Final words

During the last four years, we have witnessed how the classical double copy became a
dominant field attracting interest from the scattering amplitudes and general relativity
communities. As a consequence, it has been developed at an incredible pace, giving
birth to a growing number of relations and prescriptions. This work has tried to blur the
edges between some of them. Although the proliferation of so many different schemes
might be at times dizzying, it might be regarded as evidence for a more general structure
that is yet to be discovered. Hopefully, a complete description of the kinematic algebra
will be achieved, getting a handle on the inner workings of the duality. This would also
help to understand which theories admit a double copy description and which do not.
On the classical side, it would be desirable to understand how to relate more classical
solutions to amplitudes, in a way that allows us to apply the double copy, also beyond
linear level. Even if a one-to-one local map is not a realistic expectation, a more general
position space map would already help understand the duality better and learn more

about gravity.



Appendix A

Split signature

A.1 Spinor conventions in split signature

In coordinates (¢!, 12, 2!, 22), we work with a metric of signature (+1, +1, —1, —1). Since
this signature may be unfamiliar, we gather here a list of spinor-helicity conventions
appropriate for working in this signature.
The Clifford algebra is
ote? 4+ oot =1 . (A.1)

In our signature, it is possible to choose a real basis of o# matrices. Our choice is

1
ot =—(1,i0y,0,,0, A2
(Lo a.0) (2.2)

where 0, . are the usual Pauli matrices. The ¢# are obtained by raising spinor indices,

as usual:
~pdo . af dB B
o ey,
The conventions for € and raising/lowering indices are kept the same as in Lorentzian
signature, (1.49), (1.50) and (1.52).

To pass between momenta k and spinors A, 5\, we define

(A.3)

k- Oad = Matd - (A.4)

In analogy with the spinor-helicity formalism, we use the symbols |k), (k|, [k|, and |k]

to indicate the spinors with the indices in various positions as follows:
k) & Ao, (k| < XY, K] XY, [k & M. (A.5)
As usual, we choose a basis of polarisation vectors of definite helicity n = 4+. Unlike

the Minkowski case, these vectors can be chosen to be real, and we make such a choice.
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Given a momentum k and gauge choice ¢ satisfying k- g # 0, k? = 0 = ¢°, we define

(klo*|q] [k]o*]q)

el = = g =——. A6
Z © T ) —
These polarisation vectors have the properties:
(e, (k)" = e (),
el (k) =0, (A7)

assuming that both k and ¢ are real.
A plane wave with negative polarisation has a self-dual field strength in our conven-
tions:
o Kt = — - ) K],
V2 (A.8)
G ke = 0.

Meanwhile, a positive helicity plane wave has anti-self dual field strength given by

o ke =0,
(A.9)
J[k] -

O k:[”si] =

1
"
A.2 The retarded Green’s function in 1 + 2 dimensions

Because of the translation symmetry in the t? direction, much of our discussion really
takes place in a three-dimensional space with signature (4, —, —). In this appendix, we
compute the retarded Green’s function (for the wave operator) in this space. We use
the familiar notation = = (¢, %) for points in this spacetime, and write wave vectors as
k= (E,k).

The Green’s function is defined to satisfy
%Gt () = 03 (2) (A.10)
with the boundary condition that
Gret(2) =0, ¢<0. (A.11)

It is easy to express the Green’s function in Fourier space as

~ ) 1
Gret(x) = — /dsk €_Zk‘ka . (A12)

ret

The instruction ‘ret’ indicates that we must define the integral to enforce the retarded
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boundary condition (A.11). As usual, we interpret the integral over the first component
E of k* as a contour integral, and (as in the main text) we impose the boundary
condition by displacing the poles below the real E axis. It is easy to compute the value
of the E integral using the residue theorem, with the result that

ikt —i|kt
fel [t _ o—ilk

—q 2

Gret(z) = —=O(2) / d2k e .
872 |%|

(A.13)

; oo 27
_ tkrcos@ ( ikt _  —ikt
= 8772@(t)/0 dk:/o dfe (e e > ,

where, in the second equality, we defined r = |Z| and introduced polar coordinates for
the k integration.

Our integral is still not completely well-defined. Notice that if we perform the k
integral in equation (A.13) first, we encounter oscillatory factors which do not converge.
The solution is again familiar: we introduce ¢ke convergence factors in the exponents,

adjusting the signs to make the integrals well-defined. The result is
—i o0 2w . _— .
Gret(x> — 82@(t)/ dk‘/ do ezkrcos@ (ezk(t-l—zs) - e—zk(t—ze)) ) (A14)
T 0 0

Recognising the definition of the Bessel function, it is easy to perform the 6 integra-

tion next, yielding
_ 1 > ik(t4ie)  —ik(t—i€)
Ghret () 47r®(t)/0 dk Jo(kr) (e e ) . (A.15)

We can perform the final integral using the result

0 ] 1
du Jo(u)e"’ = —, A.16
/0 ot Vi—o? (4.16)

so that

Grs(0) = 1600 (g = ) (A17)

At this point, the ie factors come into their own. Evidently, the Green’s function
vanishes when we can ignore the €’s: this occurs when r% — t? is positive. But when

r2 —t? < 0, then the €’s control which side of the branch cut in the square root function
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we must choose. We have

Gret(r) = —O(t

1
am <\/ r2|+ze_ \/—t2—7"2\—i6>

1 ) (A.18)
—2 (=)=

= 5000 — 1)y

As discussed in more detail in section 2.2, this Green’s function is a Lorentzian version
of the familiar Euclidean Green’s function ~ 1/r. The theta functions are a result of

our boundary conditions.

A.3 Analytic continuation of propagators

All the classical fields we have obtained are written as integrals of three-point ampli-
tudes over on-shell momentum space. Therefore, these integrals have no support in
Lorentzian signature for real kinematics. We have avoided this problem by using split
signature. Alternatively, we could have proceeded in Lorentzian signature provided
that we integrate over complex momenta. To illustrate these two alternatives, consider
the scalar potential introduced in (2.40). It can be shown that the scalar potential is

related to the retarded and advanced Green’s functions,
S(I) = Ghret (.ZL') - Gadv(-r) , (Alg)

where

/a4k e Tk -u) OOt —r?)
ki +ie)? — k2 o/t — 2
(hy de) Vi (A.20)
)

o e_ik'$(§ k-u O(—t1)0 t2—7“2
GadV(x):_/d4k(k1—ie ) S-h)o )

Gret (ZL‘) = -

2 _ k2 2

k 2m\/t7 — r?
The existence of different Green’s functions is linked to the freedom to choose boundary
conditions. Our choice is that the field should vanish for t; < 0, which selects the

retarded propagator. Hence, under these boundary conditions, we can write
S(x)=0 fort; <0, S(z)=Gret(z) fort; >0. (A.21)

In Lorentzian signature, the time coordinate t¢; is replaced by another space coordi-
nate, z, dual to k1. Now, all three coordinates orthogonal to 2 have the same signature

and no i€ prescription is needed. Consequently, the only Green’s function is

R R efik-m 1
Glx) = — / kb0 G = s (A.22)
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Imkq Imkq Im kq
Re k1 1 Re k1 1 Re kl
o) —> - o0 - 50

Figure A.1: Analytical continuation of the split signature contour to Minkowski signature.

Im ky Imk, I ky Imk,
Rek, Re kq Rek, Akl Re k,
—LA 1 LA —og——g—> —@——@—)
—1k| k|
—i|k|

Figure A.2: Contour of the different Green’s functions. From left to right: retarded, advanced,
Feynman and the last one corresponds to Lorentzian signature.

Analogously to the split signature case, we can recast this Green’s function into an
integral of the form (2.40). However, the Lorentzian delta function (k2 + k2) has no
roots on the real line of k1. As a result, the integration contour on k; must be deformed

in the complex plane. The appropriate contour is

0
S(z) = —O(z) Re Z/ dky /d2k 5(147% + kz)e*ik'x
o ico (A.23)
—0O(—2) Re z/ a/ﬁ/(pkg(k% +K2)eihT
0

The prescription to analytically continue the retarded term in (2.40) to Lorentzian
signature is summarised in figure A.1. The splitting or doubling of the contour might
seem surprising. Ultimately, it is a reminder that the correct split signature propagator

to analytically continue to Lorentzian signature is the Feynman propagator,

—ikz §
B Ay € 0(k - u)

which is time-symmetric. This is shown graphically in figure A.2, where only the
Feynman propagator contour can be deformed into the Lorentzian contour without
crossing the poles. In position space, the correct analytic continuation of the scalar

potential is !
O(t1)0(t2 — r?) 1

- —.
2my\/t5 — 12 Am\/r2 4 22

'This statement is explained more extensively in section 5 of [3].

(A.25)
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A.4 Electromagnetic duality

Another difference in Lorentzian and split signature appears in the electromagnetic
duality. In (1,3) signature, we defined the self-dual and anti-self-dual electromagnetic

tensors as 1
F/ju = 3 (F;w —1 *FW) ,
: (A.26)
E, = 5 (Fuw +1%xE,,)

such that *F/fﬁ, = +iF lj'fj The electromagnetic stress-energy tensor can be expressed as
TN = F L F~" +F_ F™. (A.27)
Under electromagnetic duality with parameter 6,

F,, —cosOF,, +sinf xF,, ,
" m m (A.28)
*F, — cost xF,, —sinf F,, .

The self-dual and anti-self-dual tensors pick up a phase, Fﬁj — einjf,, implying that

the stress-energy tensor is preserved.

In split signature, however, the self-dual and anti-self-dual field strength tensors are

1
Fl = 3 (Fuw +*F)
o (A.29)
F;w =3 (Fuw — *F )

such that *Flj'fj = iFle,. The stress-energy tensor is still (A.27). On this occasion, to

keep it invariant we need to have

F,, — cosh8F,, +sinhf xF,, ,
g g g (A.30)
*F},, — cosh @ xFy, +sinh0 F),, ,

such that F’ /i — eieij,. This difference in duality transformations (A.28) and (A.30)

can be interpreted as 8 — —if under analytic continuation.



Appendix B

2-Spinors in Riemann-Cartan

geometries

In this appendix, we will study the Riemann-Cartan objects defined in section 3.1 under
the light of the 2-spinor formalism. The generalisation of spinors to spacetimes with
torsion was also addressed in [124,165].

The procedure to define the spinor structure does not differ from the Riemannian
case. Tensors are mapped to spinors using the Pauli matrices (also called Infeld-van der
o

Waerden symbols) o,““ and &/f"a. The metric on spinor space is the anti-symmetric

two by two matrix €qp (and €,4). The conventions for raising and lowering spinors are

=8, ta=Eepa, (B.1)

€Teyg =€ =0, €%y = g% = =% . (B.2)

Similar expressions hold for €, i For conciseness, the o-matrices will be used implicitly

every time indices are translated from the spacetime tangent bundle to the spinor
bundles. In this way, we write

K,— K

adBpyy (B.3)

In going to spinor space, we lengthen the list of indices, but we gain extra simplification
power. This is because tensor symmetries imply that the spinor counterparts must
decompose into lower-rank symmetric spinors and epsilon matrices. Moreover, since
every pair of indices is the sum of their symmetrisation plus their antisymmetrisation,
any spinor can be expressed as a sum of totally symmetric spinors combined with

epsilon matrices. The most famous example is the reduction of the Riemann spinor to
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its irreducible components

Rocpiyiss = Yapro€astss + Yapsscapess
T @, 545€45676 T Lapys€antss (B.4)

+ 2A (Ea,y €86 €ay €45 — €ad €4y €46 651’/) .

The symmetry under the exchange of pairs of indices and the first Bianchi identity
impose i)d s = Posap and A = A respectively.

However, this result does not hold for Riemann-Cartan manifolds. One of our goals
is to see explicitly how the above expression changes in the presence of contorsion. As
a preliminary step, we have to study the contorsion itself from the point of view of

Spinors.

B.1 Contorsion spinors

The natural first step for decomposing the contorsion spinor is to exploit the antisym-
metry of K, in the first and third indices,

K .

apfvi = Oapysar + Oupspfar » (B.5)

where © ™ @( alBIn)6" The resulting spinor is still not totally symmetric, implying

that it can be separated into two irreducible parts

@aﬁvﬁ :EWB eaﬁ+5a5 675+Qa,875 , (B.G)

where € Byp = Q( af)f The spinors Z 3 and €2 By constitute the irreducible spinor
decomposition of the contorsion.

Now that we have pinned down the spinor degrees of freedom of the contorsion, we
can map them to the tensor degrees of freedom. These tensor degrees of freedom are
arranged into three components: a completely antisymmetric tensor K uvps @ trace K "

and a traceless tensor K,

f{w/p = Ky (B.7a)
I_{,u = Kyl/u ; (B7b)
2 2 1 o 1 o
K;u/p = g(K(yu)p'{'KH(yp)) - gguuK op + ggupK op - (B7C)
For completeness, the inverse relation is
N . 1 _ 1 _
K;wp = Kuup+Kuup+ gg,uqu_ ggupKu . (B'S)
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Tensor components Spinor components d.o.f
Antisymmetric K vp Ead — Zda 4
Trace K " = o + Baa 4
Traceless K, Qapre s Lipya 16

Table B.1: d.o.f in the different components of the contorsion.

Upon applying the sigma matrices to the right hand side of (B.7), we obtain!

Kuvp — (€ar€pcese €5 — €acepreaiese) (B — ) (B.92)
. , .9a

= —i€apcapsc (5 —E)
Ky — 3(Eaa + Zaa) (B.9b)
K/JJ/p — €ayy QO‘B’YB + €ay Qa,@’}’ﬁ . (BQC)

The factor of ¢ in (B.9a) appears in Lorentzian signature only. The rest of this section
is signature agnostic. Table B.1 summarises the share of degrees of freedom among the
different tensor and spinor components. Under the map (3.7), Qqapys = Qaﬁ'w =0,
Eaa + Eaq is related to 0,0 and Eng — Ega to 9,0.

B.2 Riemann spinors

A similar process can be followed to decompose the spinor equivalent of R,,,,,». First, we
will exhaust the — now smaller — symmetry group of the tensor to identify its irreducible
spinor components. Then, employing (3.6), we will relate the newly found spinors to
the contorsion spinors and the usual curvature spinors of R, -

We begin the spinoral reduction of the generalised Riemann tensor by implementing

its only symmetries: the antisymmetry of both pairs of indices
Roaspyios = Xapro€aptss T Xamsfaﬁevé (B.10)

+ (I,QBWSEQBEWS + (I'o’c,fa'w&eafﬂe% :
The curvature spinors of R are printed in bold typeface in order to distinguish them
from those of R. Recall that R, 0 # Rpopw. The lack of this symmetry implies that
Xapys # Xysap and P 0By % > Abap in general. The spinor X,gs is not completely

symmetric and must be further reduced

Xapys = Papys — 2 (Ba(y€0)s + Zp(r€8)a) + Al€ar€ss + €as€sy) (B.11)

'The identity €a[g€~s] = 0 is needed to simplify the result of the calculation.
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Spinor component R po Ryvpo
U, 2% 5 2x%5
DINDY 2x4 0
A, A 2x1 1
P, O 2% 9 9
Total 38 20

Table B.2: d.o.f counting for the curvature spinnors.

where ¥,35.5 and 3,5 are completely symmetric. Putting tildes and dots yields the
analogous expression for X aBe It might be worth remarking that A # A, because
R, jvpo) # 0. All the remaining spinors are completely symmetric and hence irreducible.
Table B.2 shows how the degrees of freedom encoded in the irreducible spinors add up
to 36, the number of independent (real) components of 9 ,,,s [165]. These degrees of
freedom also include the Ricci tensor and the Ricci scalar, which can be obtained from

the same spinor components

mupup — *@aﬂdﬁ. — (i)dﬁaﬂ + 4(2045502,6’ + idﬁeaé) + 3(A + A)eaﬂedg (B.12)
R, =12(A +A) . (B.13)

The inverse spinor identities

Papys = i%aaﬁdw”s : (B.14)
Xapys = %%aaﬂdwﬁ , (B.15)
Wy = X(apy) - (B.16)
Bap = %X(awﬁ)7 ) (B.17)
A= éxaﬂ“ﬁ , (B.18)

are better suited expressions for computing the spinors of a given solution.

So far, we have identified the irreducible parts that make up the contorsion and the
Riemann tensor. However, the Riemann tensor and the contorsion are not independent.
Their relation is made explicit in equation (3.6). Hence, the bold curvature spinors must
be functions of the contorsion spinors and the usual curvature spinors. The procedure
to establish these relations is straightforward. First, the spinor equivalent of the right-
hand side of (3.6) must be obtained. Then, applying (B.14)—(B.18) yields the desired
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expressions:
B, s =B s+ = ViaaBsTs ) — 2055 6
aBiys — amfr Zv(a\d Y818 T g0 (el Péaels)

= Papss T Vielahi %5 T VaZss T VotEs)a

- 45&(a\55|5) -2 Ea(aIQwaw) - Q*‘rm(a\géaém) )

&

Caprs = Yapys + VaaOpsye)" — Oas™ Ors)ea

= Vapys + Vaa2sr6)" +2E@" Lyora = Lap™ Lyo)ea

1 o 1 . 3
Zaﬁ = —ivd(a:ma + gvm Qag'ya + Z =@ Qa/gfyd ,

1 . 1 . 1 .
A=A+ 6 vﬂd@aaﬂa + ﬁ @aﬁfyd @aﬁ’m + ﬁ @aaﬁa @,866(54

1 - o e 1 .
=A— §V0‘°‘Em — Zan .:.O“X + TQ Qa/g"yd Qaﬁ'ya .
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(B.19)

(B.20)

(B.21)

(B.22)



Appendix C

C-metric in Bondi coordinates

In this appendix, we shall derive the Bondi form of the C-metric. There exists a variety
of papers addressing the radiative properties of the C-metric in the literature. An early
attempt to study the C-metric using the Bondi method was carried out by Bi¢ak [261],
who gave an expression for the Bondi news (see also [262-264]). Other studies of
the asymptotic properties of the C-metric include [223,265-268]. Here, we provide a
systematic procedure for deriving Bondi coordinates for the C-metric to any desired
order in a 1/r expansion.

The most common form of the C-metric is

2 _ 1 . 2 dy® da? 2)de?
ds® = 2z 1) F(y)dt® + Fy) + Gl + G(x)do”| (C.1)
where
Gx)=1—-2*-2maz®, F(y) =—-G(—y). (C.2)

Here, 0 < 2am < 1, y € (—z,00) and = € (x2,x3), with z3 and x3 the largest two
roots of G(x). The periodicity of the coordinate ¢ determines the location of the conical
singularity. The coordinate domain ¢ € (0,27 k) is equivalent to setting ¢ € (0, 27) and
replacing d¢ — kd¢ in the metric. For simplicity, we will set x = 1 in this appendix,
but we will reintroduce it in the main text.

An alternative form of the C-metric, given by Hong and Teo [227], has the same
metric (C.1) but with a different form for the functions F'(y) and G(z) with a simplified

root structure:
G(z) = (1—2))(1+2maz),  Fly)=-G(-y), (C.3)
where y € (—x,00) and « € (—1,1), G(x) > 0. This patch covers both the static and

asymptotic regions, which is given by the limit x — —y [223].

In addition, the charged C-metric solution is given by same metric (C.1), but now
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with
Gx)=(1—-2*)(1+ryaz)(l+r_az), F(y) =-G(—y) , (C4)

where r4 = m + \/m and 0 < r_a < rya < 1. The coordinate ranges are the
same as those of the uncharged Hong-Teo coordinate system.

Given the fact that the form of the metric is the same in both coordinate systems,
one can derive a Bondi form from both coordinate systems in one go; this is what we
now proceed to do. We begin by relabelling  as & and defining coordinates {2 and w
by

1
=" =t dy/F(vy) . C.5
G vt [wEw (€3)
The metric now takes the form
ds? = Q* | —F(y)dw? — 2 qwd® — 2dwdi + dz? + G(#)d¢? (C.6)
- 4 a2 G(2) ’ '

with the understanding that y is given in terms of & and §2 by

R 1
y=—%+ ~a (C.7)
Now, replacing & by «, with
z da
=dw — .
G() YT sina (C.8)
gives
2dwdQ  Q*G(z

ds? = —Q2[F(y) + G(@)] dw? — 2220 2(””> (da? +sinZadg?).  (C.9)

«o sin” «

To summarise, we have transformed the C-metric into coordinates given by (w, 2, «, ¢)
with an auxiliary coordinate & given implicitly in terms of the other coordinates via
equation (C.8).

We can now proceed perturbatively, order by order in an inverse distance expansion,
to put the metric into the Bondi form with coordinates (u,r, 8, ¢). However, before we
do this, it will prove useful to define a new auxiliary coordinate x implicitly in terms

of the new coordinates u and 6 by

w= Gj(z) sinf ’ (C.10)
«
where v g
) . T

The coordinate transformation will define the old coordinates in terms of the new
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coordinates, i.e. we have
w=w(u,rb), Q=Qwu,rb), o=alur/l) (C.12)
as well as a relation between the old auxiliary coordinate & and the new coordinates
T=ax+T(rz0). (C.13)
Writing these relations in terms of 1/r expansions

0 0
+g1(:6, )+92($7 )+

Q:gl(.’I),Q)T’—Fgo([E,Q) D) )

r r
hi(z,0 h 0 h 6
a=0+ l(xv )+ O(mg’ )+ 1($3, )_|_
T T r
_ 0 6 0
w:f1($,0>+f0(x7 )‘i‘fl(l; )+f2(553; )_|_
T r r
= ho@0) k@0 k@) (C.14)
r r r

we proceed in a systematic manner, requiring that the metric expressed in terms of
the new coordinates (u,r, 8, ¢) have the Bondi form (4.106) and satisfying the fall-offs
(4.107) as well as the gauge condition (4.108). Note that in addition, we have the
constraint that the old auxiliary coordinate & must satisfy equation (C.8).

We have chosen to define x so that it is equal to 2 up to a perturbative correction
T = O(1/r), as can be seen from eqns (C.13) and (C.14). This means that G(&) and

G(y) can simply be written in terms of x using a Taylor expansion. In particular,
A ! 1 2 It 1 3(3) 1 4 ~(4)
G(z) = G(z) + TG (z) + §T G"(z) + ET GY(x) + ﬂT GV (x), (C.15)

where primes denote derivatives with respect to x, and we have used the fact that G is
a quartic polynomial in its argument.

We now proceed order by order in inverse powers of r, by plugging the expansions
(C.14) into the metric (C.9) and the constraint (C.8). First, we solve equation (C.8)
at order 7, obtaining first-order differential equations for fi(x,#) whose solution is

x dxl

fi(z,0) = Gi(z) + log tan 36, Gi(x) = G (C.16)

From this point on, all the expansion coefficients can be solved purely algebraically,

according to the following scheme:

(a) Solve equation (4.108) at order ¥ for g;(z,0).

(b) Solve grg = 0 at order 7° for hy(z,6).
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(c) Solve g, = 0 at order 72 for fy(x,0).

(d) Solve the dr component of equation (C.8) at order r—2 for ko(z,6). (Note that
the differential equations for ko(x, @) that arise in the dz and df components of

1

equation (C.8) at the preceding order r~ are now automatically satisfied.)

One then proceeds by iterating steps (a)—(d) at the next order, solving algebraically
for go(x,8), ho(x,0), fi(z,0), and ki(x,0), and so on ad infinitum. The results for the

first few expansion coefficients are:

- ) sin # - VG Gj cosf —1

= Gi + logtan 36, g1 = —, h = ;
VG 1 — GGy cos? )
2A sinf ’

_ [VGGjcosh — 1)
fo=- 200v/G sin 6

2+ VGG Gj cos? 0] Gj
g0 = 10 JC00) :

1-— 7y cosf]|2cosf + j cosf + 2 7 sSin
VG Gj cos 0+ VGG Gj cosf + 2v/G Gj sin? g

ko =

ho = 402 G sinf ’
11— VGG cosO?PAVG G — G +2VG G Gj cosb + G G’ Gj? cos? 0]
fr= 1602 G sin? 0 ’
by — (G Gj? cos? 0 — 1][4VG Gj — G' + 3G G’ Gj? cos? 6]
1602 sin? 0 ’
g = [2VG Gj + G')? — 2[G Gj? cos? 0 — 1]2GG" (17)

3202 G3/2 sin @ ’

where the arguments of G, G’, G”, Gj and Gi are all x, defined implicitly in terms of u
and 0 by equation (C.10). We have obtained explicit results also for (h1, fo, k2, g2, ho, f3, k3, g3, h3).
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The first few terms in the expansions (4.107) are given by

0 26" +VGG?Gj —2G32G" Gj) cos b

_ ¢ _
Co = 8a /G sin?6 ’ Co =0,
o0 G'? cosf LG [9G"? — 6G' (2 4 3GG") + 8G2 G""] cos b
' 1602 G sin® 6 9602 v/G sin® 0
Gj% (3G"* — 6GG" —8) cosf G G2 G cos® 0
1602 sin® 6 1202 sin® @ '
c’=o,
cggz—w, Coo =0, od,d,:wsme, (C.18)
20V G sin 6 20V G
P _ _GI'GPG" cos'd Gj* Gj* (2G* G cos® 6 — 9G)
00 — 3 i3 T QA3 «ind + - 3
4803 sin® @ 8ard sin® 0 4803 /G sin® 6
3G G* 3G +4G2 Q"
C3203Gsind0 19203 G3/2 sind3 6’
DY) = -Dy) sin?0,  Df =0,
C12G3 G GY? cos? 0 4 6V G 4 — G+ 2G G Gj + 6G" (2 + G G") — 3G" — 4G G

F
0 48 /G sin® 0

C.1 Small mass expansion

It is hard to gain much insight from these expressions as they stand, since x is defined
implicitly in terms of w and € by equation (C.10). One thing we can do is to consider
an expansion in powers of the mass parameter m (or, to be precise, in powers of the
small dimensionless quantity ma). Expanding the integrand G—3/2 in equation (C.11)

in powers of m and then integrating term by term, we then have

x ma (322 — 2)

Gj(z) = er 12

Conversely, we can then express x perturbatively in m, in terms of u and 6, finding

+O(m?). (C.19)

u ma(u’a? — 2sin? )
t 202 & sin?
Vu2a? + sin? 0 u?o® + sin® ¢

It is now straightforward to expand the expressions in (C.18) for C’é , C17 and Fy in

+O(m?). (C.20)

xTr =

powers of m. In particular, we find

in 6 cosd
cf — M O(m?). C.21
0 (u2 A2 + sin? 9)3/2 +0(m’) ( )
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The expansion coefficient Fy, which is related to the Bondi mass aspect, is given by

m [(3u?a? 4 1) sin? 6 — 2u%a?] 9
= @ . C.22
0 (u2a2 + sin? 9)5/2 +O(m’) ( )

We also have

2m(2ua? + sin? )

Vu2a? + sin? 6 sin? 6

Coy = + O(m?), Cys = —Chp sin® 0. (C.23)




Appendix D

Equations of motion in double
field theory

We review here the derivation of the double field theory (DFT) equations of motion.
The covariant derivative and its curvature tensors are defined with respect to the so-
called generalised Lie derivative or generalised diffeomorphism. It plays the role of

gauge symmetry in DFT, and acts on the DFT field content as

(ﬁXH)MN = XpapHMN + (8MXP — 8PXM)HPN + (6NXP — 8PXN)HMP ,
5 1 (D.1)
Lxd=XMoyd - 5aMXM ,

where, with respect to the generalised Lie derivative, the generalised metric H is a
rank-2 tensor and the DFT dilaton d is a scalar density. The gauge parameter XM
combines the diffeomorphism parameter £# and the one-form gauge parameter A, for
the Kalb-Ramond field in an O(D, D) covariant manner

XM = fer A} (D.2)

For closure of the algebra of generalised diffeomorphisms (i.e., the Jacobi identity for

L), we have to impose the section condition
oM F =0,  OuFoMF =0, (D.3)

where F7 and JFy are arbitrary functions on doubled space. The section condition is

equivalent to ignoring the winding coordinate & dependence,

oL 0
(7)), o

As for the covariant differential operator of the generalised Lie derivative (D.1), we
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define the covariant derivative acting on an O(D, D) tensor as

n
DyTN,Ny--N, = OMTN,Ny--N,, + Z FMNZvPTNlmPu-Nn , (D.5)

i=1
where I' v p is the DFT connection [269,270]. One may try to obtain the DFT con-
nection using the compatibility and torsion-free conditions, analogously to Riemannian
geometry. However, it turns out that these conditions are sufficient for determining
all the components. Fortunately, one can project out the undetermined part using the

projection operators (5.39), and the determined part is

T pyn =2(POpPP)pyny + 2(Ppr Py — P9 Py™)00 Prp
_ _ _ (D.6)
— 51 (PrasPw® + Ppias Pn) (9gd + (PO PP)rq)) -
Let us turn to the curvature tensors R and Ry in terms of the DFT connection

(D.6). First, we introduce the 4-index object Syrypq defined as

1
SunpPQ = 3 (RvnpPo + Rpoun — FRMNFRPQ) ; (D.7)

where Ry/nvpg is defined from the standard commutator of the covariant derivatives

Ryunpo = 0uT'npg — ONTapg + Tp " Tnrg — Tnvp " Tirg - (D.8)

One can show that Sy pg satisfies similar symmetry properties as the Riemann tensor,

namely Sy npg = S[MN} [PQ] = S[pQ] [MN] s well as the Bianchi identity

However, it is not a tensor with respect to the generalised Lie derivative and cannot be a
physically meaningful object. Instead, we can obtain meaningful tensors by contracting
Sunpg with the projection operators. The generalised curvature tensor and scalar are
defined as

Run = 2P " Pny9 PR Sppsq R =2PMNPPCS pong (D.10)

and one can show that these are covariant under O(D, D), as well as under generalised
diffeomorphisms. Substituting the parametrisations (5.37), the equations of motion
reduce to the conventional supergravity equations of motion (5.48). The generalized

curvatures satisfy an similar identity as the Einstein tensor, V,G* = 0,

Dy (4PMPPNCRpg — PMNR) =0, Dy (4PMPPYORpg + PMVR) = 0.
(D.11)
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