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ABSTRACT OF THE DISSERTATION

The Double Copy:

From Scattering to Radiation

by

David Alan Chester III
Doctor of Philosophy in Physics
University of California, Los Angeles, 2018

Professor Zvi Bern, Chair

This thesis discusses consequences of color-kinematics duality and applications towards com-
puting quantum scattering amplitudes and classical radiation fields. Stemming from this
duality, tree-level Bern-Carrasco-Johansson amplitude relations can be extended to one-loop
integral coefficient relations for scattering in Yang-Mills theory. The double copy, which also
follows from color-kinematics duality, allows for graviton scattering amplitudes to be found
from scattering amplitudes in Yang-Mills theory. Additionally, a classical radiative double
copy for obtaining gravitational waves in various theories is discussed. As a warm-up, a
classical double copy of the Lienard-Wiechert potential in electrodynamics is found within a
specific context, which allows for gravitational waves in linearized gravity to be found. Next,
radiation in Yang-Mills and Yang-Mills-biadjoint-scalar theories is found, and the radiative
double copy of these results allows for radiation in general relativity and Einstein-Yang-
Mills theory, repsectively. In light of the recent detection of gravitational waves by the
LIGO collaboration, this motivates the search of efficient analytic techniques for computing
gravitational radiation. The double copy offers a way to apply methods from particle physics

to gravitational-wave astronomy.
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CHAPTER 1

Introduction

Physicists are looking for the relationship between the four fundamental forces of nature. The
standard model successfully describes the quantum field theory of electromagnetic, weak, and
strong interactions, which includes Maxwell’s linear electrodynamics and Yang-Mills theory,
a nonlinear gauge theory. Gravity is accurately described by Einstein’s theory of general
relativity, and string theory contains a high-energy completion of gauge theory and general
relativity. While the Lagrangians and equations of motion for Yang-Mills theory and general
relativity appear to be different, the solutions of the two theories remarkably seem to be
related. The “double copy” construction discussed in this thesis uses gauge theory solutions

to find gravity solutions for quantum scattering amplitudes and classical radiation fields.

The double copy originates from ideas in string theory. The tree-level Kawai-Lewellen-
Tye (KLT) relations in string theory relate the scattering amplitudes of closed strings to two
copies of open-string amplitudes [1]. By taking the low-energy limit, it was then realized
that similar relations hold at tree-level for quantum field theory, which relate gravitons to
gluons [2]. This was applied to loop level of quantum field theories via generalized unitar-
ity [3, 4], which led to various studies of perturbative quantum gravity and the UV properties

of various supergravity theories [5-10].

Shortly after KLT relations were found, factorization of color and kinematics simplified
Yang-Mills amplitudes for specific gluon scattering processes [11-14]. As particle colliders
scattered nucleons at high energies, theorists pursued precision quantum corrections due to
gluon background processes, which led to efficient recursive methods [15]. Over a decade
later, investigations of string theory in twistor space [16] inspired modern on-shell recursive

methods for computing tree-level amplitudes that exploits factorization of color and kinemat-
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ics [17-20]. A systematic bootstrapping of one-loop QCD amplitudes had phenomenological
applications for colliders [21-23], including detailed analysis of QCD jets in search of new
physics [23-27] prior to the LHC’s detection of the Higgs boson [28, 29].

A kinematic analog of the Jacobi identity for color factors was found, which led to the
Bern-Carrasco-Johannson (BCJ) relations between tree-level color-ordered partial ampli-
tudes in Yang-Mills theory [30-32]. This included the development of the double copy at
tree level, a procedure for finding gravity amplitudes from gauge theory amplitudes. The
double copy helps with understanding the relationship between supersymmetric gauge and
gravity theories at loop level [33-48]. In particular, the double copy helped compute addi-
tional UV properties of supergravity theories [49-55]. Related progress was made in string
theory, including the development of additional monodromy relations and loop-level KL'T

relations [56-66].

Color-kinematics duality and the double copy have simplified and related scattering am-
plitudes amongst a wide class of theories, including the nonlinear sigma model and Born-
Infeld theory [67-71]. A biadjoint scalar field theory can be added to Yang-Mills theory
to find scattering amplitudes in Einstein-Yang-Mills theory [72-74]. The CHY formalism
allows for KLT/string-inspired amplitude relations between Yang-Mills and general rela-
tivity [75-77], which also shows how Einstein-Yang-Mills theory, Dirac-Born-Infeld theory,
special Galileon theory, the nonlinear sigma model, and biadjoint scalar theory are all in-
terrelated [69, 78-81]. Additionally, Z-theory has been proposed to bring additional double

copy structure to string theory amplitudes [82-84].

While progress has been made to investigate the origins of the double copy [85-89],
the precise relationship between gauge and gravity theories is not fully understood. More
practically, the double copy could be useful for computations of gravitation radiation from
physical sources [90-92]. As LIGO continues to collect more gravitational wave data, ever
more complex precision calculations will be needed. The double copy approach offers the
possibility of greatly simplifying such computations, given that gauge-theory calculations are
simpler than those in general relativity. We look to address this topic by first introducing

color-kinematics duality and the double copy for scattering amplitudes in quantum field
2



theory, followed by a brief overview of gravitational radiation and the radiative double copy

for classical gravitational waves.

1.1 Color-Kinematics Duality and the Double Copy for Scattering
Amplitudes

The double copy is based on the duality between color and kinematics. Factorization of color
and kinematics allows for Yang-Mills tree amplitudes to have the following representation,

1 n;c;

5D, (1.1)

Atree — gn=2

i€l
where ¢ is the coupling constant, ¢ sums over all Feynman diagrams I' with only three-
point vertices, S; is the symmetry factor associated with the ¢th diagram, n; is a kinematic
numerator, ¢; is a color numerator, and D; is a denominator comprised of inverse propagators.
The color factors ¢; are comprised of the structure constants ¢ from the non-Abelian gauge

theory with SU(N) symmetry. Since the structure constants satisfy Jacobi relations, various

color factors also satisfy the following simple identity,
¢ +c¢j+c, =0, (1.2)

where 7, j, and k are labels for three different diagrams which have color factors satisfying a

Jacobi relation.

Since the four-point gluon vertex contains two factors of f2¢, these contributions can be
represented by combinations of two three-point gluon vertices which only contain one factor
of fa%¢.  As such, summing over all Feynman diagrams contains redundant information,
and the tree-level amplitudes are spanned by a basis with only trivalent graphs I's. Once
this representation is chosen, the kinematic numerators are found to satisfy the following

relationship dual to the Jacobi relations,

This color-kinematics duality also led to the discovery of tree-level Bern-Carrasco-Johansson

(BCJ) amplitude relations [30]. At four points, this leads to the following simple BCJ
3



relationship for color-stripped partial amplitudes Aee
82414286(17274’3) = 514Airee(172’3’4), (14)

where s;; = (p; + p;)? are inverse propagators in terms of external momenta. The BCJ
amplitude relations are most easily noticed when the amplitudes are put in a representation
that allows the kinematics factors to satisfy relations analogous to the color-factor Jacobi
relations, which can occur when all contributions are represented as trivalent graphs. When-
ever such a representation is found, graviton amplitudes can be found perturbatively via the

double copy, which was later extended to loop level via unitarity methods [35].

To introduce the double copy, the general form of an n-point L-loop gauge theory am-

plitude in d dimensions is put in the following representation

A(L Ly 2+2LZ/H Z:ldél’ T;’)C’ (1.5)

i€Ty

where ¢ sums over all diagrams I's with at most three-point vertices, L loop momenta are
integrated over for perturbative quantum corrections. This representation of the amplitude
is not unique, as generalized gauge transformations allow for the transfer of terms between
the different n;. In this representation, contact terms such as the four-point gluon vertex are

absorbed into trivalent diagrams by multiplying and dividing by appropriate propagators.

The double copy states that a gravity solution can be found by replacing color factors
with appropriate kinematic factors. For scattering amplitudes, the color numerator ¢; is
replaced with a distinct kinematic numerator n; which may be found from a different gauge
theory, such that

The corresponding n-point L-loop gravity amplitude is given by

/\/l(L L+1< n QHLZ/H ddpld; nz)nl (1.7)

In order to apply the double copy procedure, it was initially thought that the gauge theory

amplitude must be put in a canonical BCJ form, which states that the kinematic numerators
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satisfy an analogous Jacobi identity, such that the kinematic numerators and the color factors
satisfy the same algebraic properties. The original conjecture states that at least one choice
of numerators exists such that the duality is manifest. More recently, the color-kinematics
duality constraint has been relaxed, so that the duality only needs to hold manifestly on the
unitarity cuts, rather than on the entire multiloop integral [93]. This allows for more general
ansatzs to be formed, making it easier to find a representation of the amplitudes that allows
for a double copy. Most recently, the UV properties of N’ = 8 supergravity has been found
to five loops [55].

1.2 Motivating a Radiative Double Copy

Finding exact solutions in general relativity, in particular for gravitational wave emission, is
often difficult. The post-Newtonian (PN) approximation was introduced by Einstein in 1916
and studied by de Sitter and Lorentz as a weak-field nonrelativistic expansion, see Ref. [94]
for a more detailed history. This led to the discovery of the quadrupole moment method for
finding gravitational waves in linearized gravity, presented in Section 3.1.1. The quadrupole
moment method is a nonrelativistic weak-field approximation found from the linearized wave
equation. The post-Newtonian (PN) approximation refers to assuming v/c < 1 and allows
for relativistic corrections to be added to the solution found by the quadrupole moment

method via a multipole expansion. For bound-state sources, the virial theorem states that

2
v _Gm (1.8)

2 re’
where G is Newton’s gravitational constant, m is the total mass of the system, and r is the
typical size of the system. Therefore, the PN approximation also expands in powers of vG,
which assumes weakly interacting gravitational fields. As such, linearized gravity describes

the lowest (zeroth) order of the PN approximation.

The post-Minkowskian (PM) approximation makes no assumption about v/c, yet makes
a weak-field approximation by expanding in powers of v/G. For weak fields, retardation

effects are negligible in the near zone, which allows for the PN approximation to be utilized
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for the first few lowest orders. However, radiation is in the far zone and necessitates retar-
dation effects. Since the PN approximation to lowest order utilizes an instantaneous Green
function from Newtonian gravity, naively utilizing the PN approximation to find radiation at
arbitrarily high orders fails to satisfy the proper boundary conditions and causes unphysical

divergences due to neglecting gravitational backreaction.

In 1986, Blanchet and Damour addressed these difficulties by considering a post-Minkowski
(PM) approximation in vacuum for regions of spacetime with radii larger than d [95], corre-
sponding to the intermediate and radiation zones. The PN approximation is utilized in the
near and intermediate zones, and boundary conditions are utilized to connect this solution
with the PM approximation, which allows for gravitational radiation to be found in the far
zone to higher orders in v/c [96-103]. Alternatively, Will, Wiseman, and Pati have presented
the Direct Integration of the Relaxed Einstein equation (DIRE) approximation [104-107],

which gives equivalent results to those found by Damour and Blanchet.

While results within the PN approximation have been found up to fourth order [108-
116], using the PM approximation with physical sources in the near zone and properly
utilizing a retarded Green function to find radiation in the far zone has only been found
to first order [117-124]. While the PN approximation is typically simpler, perturbing in
two different parameters causes an explosion of terms at higher orders. If the technical
difficulties of the PM approximation were properly dealt with, such a formalism may allow
for more compact expressions at higher orders. Due to these technical challenges and the
fact that most physically relevant sources of radiation come from bound states, the PN
approximation has received more focus. However, scattering processes are not bound by
the same virial theorem, which allow for the possibility of relativistic weak-field scenarios.
Graviton scattering amplitudes found in perturbative quantum field theory takes a weak-field

approximation similar to the PM approximation.

Even though the issue of matching boundary conditions at infinity has been solved, it
is still difficult to calculate gravitational waves to high orders in perturbation theory due
to complexity of general relativity. The double copy has proven to be efficient for high-

order calculations of perturbative graviton scattering amplitudes. The radiative double copy
6



takes inspiration from the double copy of scattering amplitudes by finding rules which replace
charge/color factors with appropriate kinematic factors. In particular, the charge of a particle
is replaced by its corresponding momentum, as suggested from color-kinematics duality. It
was first shown that any metric in Kerr-Schild form, an infinite family of classical solutions
to Einstein’s field equations, has a single copy in electromagnetism after subtracting away

the Lienard-Wiechert potential [90].

Further investigations have been made for more exotic solutions and in higher dimensions.
The electric charge density is the single copy of the Komar energy density [125]. A dyon
is a single copy of the Taub-NUT spacetime, as the NUT charge is the double copy of the
magnetic charge [126]. The Taub-NUT double copy is exposed when put in a double Kerr-
Schild form, adding a term for the magnetic charge contributions. It was also found that the
single copy of Plebanski gravity allowed for the Yang-Mills equations to be solved in curved
space as well, which may be expected from the perspective of E8 unification [127-129]. The
de Sitter metric can be written in a Kerr-Schild form, showing that the cosmological constant

is the double copy of a uniform electric charge density.

Recent work has also generalized the static point particle solution to trajectories with ar-
bitrary accelerations [91]. The authors also showed that the Coulomb/Schwarzschild double
copy is indeed the same double copy as the scattering amplitudes double copy. The zeroth
copy can be used to find a biadjoint scalar field, which allows for some promising nonper-
turbative studies [130]. The Kerr-Schild double copy construction was extended to curved

spacetime [131, 132], as well as scattering amplitudes on background plane waves [133].

A perturbative double copy from Yang-Mills theory for arbitrary radiation metrics was
introduced by Goldberger and Ridgway [92]. Within this construction, biadjoint scalar field
theory solutions can give radiation in Yang-Mills theory [134], and progress has been made
with bound states [135] and spinning black holes [136, 137]. Another perturbative spacetime
approach allowed for a radiative double copy [138], and adding ghost fields to Yang-Mills
theory allows for the dilaton to be removed from inelastic black hole scattering to lowest

order [139].



1.3 Outline

This thesis focuses on consequences of color-kinematics duality. In Chapter 2, the implica-
tions of the tree-level BCJ relations are studied at next order. When a one-loop Yang-Mills
amplitude is spanned by a basis of integrals with corresponding coefficients, the BCJ relations
provide a wide variety of one-loop integral coefficient relations. Similar integral coefficient
relations should exist at arbitrary loop order, demonstrating that color-kinematics duality
helps simplify perturbative calculations. Furthermore, since the double copy holds, similar

relations could be found in theories of gravity.

The rest of the thesis focuses on understanding how the double copy can be used to
find gravitational waves in a perturbative weak-field approximation. Chapter 3 focuses on
comparing radiation in electrodynamics to radiation in linearized gravity. While the radiation
fields do not exhibit a straightforward double copy, a gravitational analogue of the Lienard-
Wiechert potential is found within a specific context. Subtleties of the Lienard-Wiechert
potential for relativistic phenomena are mentioned, which may be related to the difficulties

of extending the PM approximation to higher orders.

In Chapter 4, radiation in nonlinear gauge and gravity theories is studied via Feynman
diagrams with a worldline parametrization. A radiative double copy allows for gravitational
radiation to be found from Yang-Mills radiation. Furthermore, it is shown that radiation in
Yang-Mills-biadjoint-scalar theory allows for a double copy to correctly reproduce radiation
in Einstein-Yang-Mills theory. Additionally, a scalar field is added to Yang-Mills, and an
ansatz for its solution is found to remove the dilaton within the formalism of of Ref. [92],
which is analogous to what was found in Ref. [139]. Chapter 5 states concluding remarks

and potential for further development.



CHAPTER 2

Scattering Amplitudes and One-Loop Integral

Coefficient Relations

This chapter reviews work previously published by the author [140], which investigates the

color-kinematics duality at loop level in Yang-Mills theory.

2.1 From Trees to Loops

Devising efficient methods for calculating scattering amplitudes has been useful to confirm
the validity of the Standard Model. Even at tree level, the number of Feynman diagrams dra-
matically increases as the number of legs increases. For seven, eight, and nine external gluons
there are already 2485, 34300, and 559405 Feynman diagrams needed at tree level [141]. Of
course, with modern techniques we can obtain the amplitude A, without calculating any
Feynman diagrams. At tree-level, the amplitude is decomposed into a color-stripped partial
amplitude A,,, which separates the color from the kinematics. The Parke-Taylor formula gives
simple form of maximally helicity violating (MHV) or anti-MHYV partial amplitudes [11, 14].
On shell recursion developed by Britto, Cachazo, Feng and Witten (BCFW) can be used
to find any helicity [17, 18]. To compute the total amplitude 4,,, we need to compute the
n! partial amplitudes A,,, corresponding to the different permutations of the legs. However,
not all n! partial amplitudes are independent. Since we have a trace over the color gen-
erators, the partial amplitudes have cyclic symmetry, leaving (n — 1)! independent partial
amplitudes. The partial amplitudes also satisfy a reflection property and the U(1) photon
decoupling identity, which reduces the number of independent partial amplitudes. (See e.g.

Refs. [141, 142].) Remarkably, there are more tree level partial amplitude identities. The
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Kleiss-Kuijf relations [143] reduces the number of independent partial amplitudes to (n—2)!.
Furthermore, the Bern-Carrasco-Johansson (BCJ) amplitude relations [30, 56, 57, 144] give
(n — 3)! independent partial amplitudes. This chapter applies these ideas to reduce the

number of independent integral coefficients at one loop.

At one loop, we consider on-shell diagrams instead of Feynman diagrams. We apply
the unitary method finding the value of the loop amplitude with the loop momentum on-
shell. Furthermore, when we apply the unitarity cuts, one-loop amplitudes with massless
external legs can be reconstructed in terms of products of tree amplitudes. The coefficients of
basis integrals are fully determined from four-dimensional tree amplitudes [3, 4] and rational
remainders from D-dimensional ones [145-149]. For a modern review of on-shell and unitarity

methods for one-loop QCD amplitudes, we refer the reader to Ref. [150].

Since tree amplitudes determine the integral coefficient within the unitarity approach,
we expect that the integral coefficients satisfy similar identities as the tree amplitudes them-
selves. In particular, we show that the tree-level BCJ amplitude relations can be used to
derive integral coefficient identities. Since the loop momenta always have two on-shell solu-
tions, we have to decompose the integral coefficient into two pieces. It is these pieces which

actually satisfy the coefficient relations, rather than the total coefficient.

We demonstrate that tree-level identities significantly decrease the total number of inde-
pendent integral coefficients. These relations could be used to either improve the efficiency
of one-loop amplitude calculations or to provide a stability or other cross checks for the

integral coefficients (e.g. see Ref. [23]).

There has been some work of extending tree-level relations to the loop level already.
Tree-level monodromy relations have been applied to create loop level relations [151]. Boels
and Isermann have applied the tree-level Kleiss-Kuijf identities to one-loop partial ampli-
tudes [152, 153]. They have also extended the BCJ relations to relate one-loop integral
bases. This present chapter is somewhat similar, except we apply the BCJ relations to the
coefficients. Furthermore, work has been done to relate the two-loop nonplanar amplitude

to the planer amplitude through the use of a BCJ type of relation [154].
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This chapter is organized as follows: To demonstrate that the one-loop integral coefficients
satisfy BCJ integral coefficient relations, we start by reviewing the tree-level BCJ relations
and the unitarity method in section 2.1. In section 2.2, we derive the general expressions for
the one-loop BCJ integral coefficient relations from the tree-level BCJ amplitude relations.
In section 2.3, we explicitly provide examples and confirm that the BCJ integral coefficient

relation is satisfied.

2.1.1 Introduction to Tree-Level BCJ Amplitude Relations

In this section, we review the spinor-helicity formalism, the unitarity method, and tree-level
identities. In the next section, we will show that the BCJ amplitude relations can be used

with the unitarity method to find new relations between integral coefficients.

The spinor-helicity formalism allows for simple expressions of scattering amplitudes. The
spinors take advantage of the isomorphism between Spin(3,1) and SL(2,C), allowing for C?
spinors in projective space. These two components spinors allows for dimensional analysis
and spin content uniquely determine massless amplitudes. When working with three- and
four-point amplitudes at tree level with the spinor-helicity formalism, the amplitudes can
be uniquely written down by counting particles and their spin. Recursive techniques are
used to generalize to n-point amplitudes. Unitarity methods are applied to evaluate one-
loop amplitudes, which recycle tree amplitudes. On-shell recursion relations allow for finite
loop amplitudes. As such, it is possible to recursively calculate any n-point one-loop gluon
amplitude simply by knowing three- and four-loop amplitudes along with a couple simple

recursive techniques.

Two component complex spinors are used to represent massless fermions and vector
bosons. A photon or gluon is a spin-one particle, but since it has no mass, there are only
two independent spin states and can be represented by a two component spinor \'. The

4-component Dirac field ¢/ and its free massive Lagrangian,

£ = (i — my, (2.1)

11



when varied gives the Dirac equation
(i —m)y = 0,
007" +map = 0,
U(@) = u(p)e™ +uv(p)e ™,
(p +mu(p) = 0,
(p —m)v(p) = 0. (2.2)
If the particle is assumed to be massless, then the two independent helicity states u(p) and

v(p) follow the same equation of motion, which allows for the theory to be represented in

terms of spinor-helicity states with the Weyl equation,

pu(p) = pv(p) = 0. (2.3)
Recall that vy is an outgoing antifermion, u is an outgoing fermion. For all amplitudes,

the momenta will be assumed to be outgoing. The + subscript refers to the helicity of the

fermion. For massless fermions, we have uy = vy and vy = Us.

The spinor-helicity formalism is introduced below,

wp(k) = (k) = [6F) = i) = Ay,
(k) = vk = k) = il = Ak,
ap(k) = o_(k) = (k] = il = Ak,
(k) = (k) = (k| = (il = ). (2.4)

As shown, there are 3 different notations for writing the spinors, with |i) being simpler
than |kf) or A(k;),
(i) = (ki | k) =u(kuy(ky) = X (ki) Aa(ky) = A(ki)A(K;),
5] = (k7| k7 ) =t (kau— (k) = Na(k)X*(k;) = M) A(k;). (2.5)
(2.6)

The spinors are nice to work with, as complex conjugation flips the helicity state. These

spinors are antisymmetric,

(ij) = =G, ligl=—Di, (i) =[] =0. (2.7)
12



Channels such as s, t, and u as well as dot products of momenta are written as
(ij) [Ji] = 2k; - kj = (ki + kj)* = sij. (2.8)
Charge conjugation can be applied via
(il v k] = ksl " |Ki) (2.9)
The Gordon identity also is useful since
1% 1) = (il 7# 1] = 2% (2.10)
Also, projection operators are given by

D=2tk W= 0wk, BE G =k @)

The Fierz rearrangement identity is also needed for simplification,

(7" 5] (kv ] = 2 (k) (1] (2.12)

The non-linear Schouten identity is also useful for simplifying complicated amplitudes,

(ig) (kl) = (ik) (1) + (il) (k) - (2.13)

Finally, momentum conservation in an n-point amplitude is written as the following,
> [l (ik) =0. (2.14)
i=1,#j,k

Note that massive fermions can be represented as two massless fermions by using the
light-cone decomposition. This will not be discussed, but it is possible and is discussed on

pages 9 and 10 in Ref. [155].

For representing polarization vectors for massless gauge bosons of helicity 41,

+ . <Q|'7u|k]
e, (k,q) = VElah) (2.15)
(k] v lq]

€. (k,q) = m, (2.16)
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where k is the vector boson’s momentum and ¢ is a reference momentum containing any
on-shell gauge transformation. Therefore, ¢ is any momentum such that e*(k, ¢)-q = 0. The

polarization vectors satisfy

e(k,q) -k = 0, (2.17)
(€)" = € (2.18)
et = 1, (2.19)
et =0 (2.20)

Recursive and on-shell methods will provide relations for amplitudes with more external legs
and at higher orders in perturbation theory. The simplest amplitudes can be written down
in terms of spinor inner products by counting essentially the spin, or the phase weight of

each particle.

A scattering amplitude gives the probability on an n-point particle interaction and is a
function of n momenta and spins for n external legs. The tree diagrams represent the zeroth
order interactions, which only includes the classical solution in the path integral. Some
quantum corrections are contained in one-loop diagrams, which contain one power of A from
the first order of perturbation theory.

An({0, A bk e, Aoy hod o {0 An, B b) = AT RAYIP £y " RE AP (2.21)

L=2

Consider Yang-Mills theory, which has a local SU(N) gauge symmetry. For example,
QCD has a gluon, which is an SU(3) gauge vector boson. The theory is non-Abelian and
therefore has nontrivial color algebra. The gauge field A, can be stripped of its color, such
that A, = AST*, where T represent the 8 generators of SU(3). Similarly, the amplitudes can
be stripped of color, leaving behind a partial amplitude. A trace of the color matrices averages
over all possible color arrangements and factors out the color dependence of the amplitude.
The remaining color-stripped partial amplitude A,, is only dependent on kinematic quantities
such as momenta and helicities [142]

Alree = g"2 N Tr(T0 0T %@ | T%0) A0 (1), 0(2),. .., a(n)), (2.22)

O'GSn/Zn
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where S,,/Z,, represents the n! permutations of external legs divided by the n cyclic permu-
tations which are removed because they would give the same color trace. Partial amplitudes
only depend on kinematic variables, and the labels of the partial amplitude signify the mo-
menta and helicities of the particles. For simplicity, we will only work with gluons, but a

similar construction can be done to add quarks.

Working with these partial amplitudes greatly simplifies calculations. Note that this de-
construction only holds for tree-level, but there exists higher loop expressions for connecting
partial amplitudes with the true amplitude. The partial amplitudes are color ordered and
therefore only have poles in s channels for adjacent momenta. For example, a four-point
partial amplitude AY°°(1,2,3,4) can only have poles in $ja, S23, S34, OF S41, but not si3 or

s94. The partial amplitudes have a cyclic Z,, symmetry,

A:Lree<17 27 . e 7”) = _Afzree<25 17 . e 7?7/) = A:lree<2’ ce 7n7 1) = (_1)71’14’(:68(”7 T ’27 1) (223)

One can also obtain a “photon decoupling equation” or “dual Ward identity” from con-
sidering some group theory of equation 28. The equation also holds for U(N) as well as

SU(N), so summing over the identity must give zero,

0=A"°(1,2,3,...,n)+ A"(2,1,3,... .n) + A"(2,3,1,....n) +---+ A"(2,3, ... 1,n).
(2.24)

The rest of this manuscript will work with partial amplitudes, and the term amplitude will
now refer to partial amplitudes. Analytic structure and phase weight determines amplitudes

explicitly. First, we will consider three-point and four-point tree amplitudes.

Due to the symmetry of the amplitudes, there are only a few independent helicity configu-
rations. For three-point tree-level, we have A§°¢(17,27,37) and A§°¢(17,27,3") as the only
two independent amplitudes. To switch all of the helicities, a complex conjugate is taken,
and particle numbers can be swapped and permuted to get all other configurations. The

analytic poles from adjacent external legs forces si9, s93, and s3; to be in the denominator

15



of the amplitude. Counting the phase weight uniquely determines the resulting numerator.

Alree(17,27.37) = 0, (2.25)
tree /1 — — + _ Z<12>4
Atree(17, 27, 3%) = 2@ G (2.26)
tree(1+ o+ o— _ _2[12]4
Alree(1F 27 37) = T Bl (2.27)

For four-point tree-level, we have A%¥°(17,27,37,47), A¥°(17,27,37,4"), and A¥°°(17,27,3%,4T)

as the three possibly independent amplitudes.

Alee(17,27,37,47) = Ar°(17,27,37,4%) =0, (2.28)

tree(1— o9— o+ 4+ _ Z<12>4 _ 2[34]4

A, 25,3047) = (12) (23) (34) (41) — [12][23] [34] [41]’ (229)
i (13)*

Alree(17 2+ 37 41) (2.30)

(12) (23) (34) (41)°

There are no other independent helicity configurations. Larger n-point amplitudes can
be built up by recursive methods. First, BCFW recursion will stitch diagrams together by
shifting the poles in the complex plane properly. A second method is the CSW relations,
which build n-point amplitudes out of on-shell MHV subamplitudes, with a leg given a

complex momentum shift.

The BCJ amplitude relations at tree level are connected to color-kinematics duality [30].
The duality forces the Jacobi identity on the kinematic numerators, which naturally provide
tree-level partial amplitude relations beyond what is contained in the Kleiss-Kuijf relations.
The BCJ relations imply that only (n — 3)! of the partial amplitudes are independent. A
convenient choice is to fix the first 3 legs. At four and five points, the BCJ tree amplitude

relations are

Alree(1,2,{4},3) = AWee(1,2,3,4)21

S24
Atree(1,2.3,4,5 Atree(1,2.3.5.4
Ap(12,{1),8,5) = D (L23 LIt oe) £ AT 205 A
24
—Atree(1.2.3,4.5 — APe(1,2.3.5,4
Agree(1’27{4’5}’3) _ 5 ( ) 737 ) )834815 5 ( ) 737 ) )814(52454_535)(2‘31)
5245245
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The original BCJ paper also includes general n-point formulas for generating the BCJ re-
lations. Notice how the BCJ amplitude relations fixes the first three legs for the set of

independent partial amplitudes.

To express amplitudes, we will use the spinor-helicity formalism, which gives remark-
ably compact expressions for certain tree amplitudes. Tree amplitudes with zero or one
plus/minus helicities are zero (except for the three-point amplitudes). The n-point Parke-

Taylor formula [11, 14] expresses the MHV partial amplitudes in a remarkably simple manner,

tree 1+ . — s— +\ <Zj>4
AT, i, ), )—Z<12><23>...(n1>' (2.32)

To find all other helicity configurations, BCFW recursion, for example, can be applied to

calculate any amplitude from the Parke-Taylor formula [17]. (See, for example, Ref. [156]

for an exhaustive review with examples.)

2.1.2 Unitary Cuts and One-Loop Integral Basis Coefficients

We now review the unitarity method, which is used find one-loop amplitudes as a linear
combination of integral coefficients times basis integrals. At one loop any massless amplitude
can be decomposed into a set of basis integrals consisting of scalar boxes, triangles, and
bubbles, plus rational terms for QCD [157-159]. This reduces the problem of calculating

one-loop amplitudes to determining a set rational coefficients.

Britto, Cachazo, and Feng showed how generalized unitarity could be used to find the
box coefficients [160]. The work of Ossola, Papadopolous, and Pittau [22] and Forde [161]
extends this to the triangle and bubble coefficients. Unitarity cuts can be used to recycle tree
amplitudes into the loop-level integral coefficients. Therefore, we can generate all one-loop
amplitudes from tree amplitudes; the coefficients are simply products of tree amplitudes with

loop momenta on-shell.

We will study the boxes, triangles, and bubbles necessary for massless QCD in the fol-
lowing subsections. In particular, we are interested in the total number of cuts needed as
well as the loop momentum solutions for such cuts. In order to apply unitarity cuts to a

diagram, we put the loop momenta on shell which is imposed on all internal lines in Fig. 2.1.
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Figure 2.1: The box, triangle, and bubble cuts. At each corner there are an arbitrary of

external lines.

To calculate the full one-loop amplitude, each possible unitary cut must be evaluated.
Using generalized unitarity this allows us to determine the coefficients of basis integrals in

terms of which the color-stripped partial amplitude is expressed,
np
A= clnt;+ R, (2.33)
i=1

where ¢ runs over the total number of basis integrals ny;, Int; is a scalar integral, and R
represents the rational terms which will be neglected throughout this chapter. Also, the word

amplitude will also refer to the color-stripped partial amplitude throughout this chapter.

2.1.2.1 Box Cuts

To start our study of QCD amplitudes, we focus on the box coefficients which can be deter-
mined from the box cuts shown in Fig. 2.1. Next, we classify the different types of box cuts.
There are zero-mass, one-mass, two-mass-e, two-mass-h, three-mass, and four-mass box cuts,
which is shown in Fig. 2.2. Only the four-point amplitudes have a zero-mass box. There are
n n-point one-mass boxes for n > 5, since there are n ways that the n — 3 particles could be
put together in the corner. For two-mass-h boxes, there are (n — 5)n ways with n > 6. The
number of two-mass-e boxes would be the same, but we are now overcounting by a factor
of two due to the symmetry of the two single legs being across from each other. Therefore,

there are (n—5)n/2 two-mass-h boxes with n > 6. When n > 7, there are n(”f) three-mass
18
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Figure 2.2: The zero-mass, one-mass, two-mass-e, two-mass-h, three-mass, and four-mass

box cuts are shown above. Two-mass-e and two-mass-h stand for ‘easy’ and ‘hard’. The K;

are sums of massless momenta and the k; is the momentum of a single external massless leg.
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boxes. For four-mass boxes, there are three contributing boxes. If n > 8 and n mod 4 = 0,
then there are n/4 contributing boxes. This corresponds to when all four corners of the box
cut have the same number of legs, such as the only four-mass eight-point cut would have.
If n > 9 and n is even, then there are an additional n/2. Finally, if n > 9, then there are

Z?:_f n(WH)Q/ 2J+1) additional four-mass boxes.

The unitarity cuts put the loop momenta on-shell, which gives a quadratic equation with
two solutions. If there is at least one massless leg on the cut, we utilize the following compact

solution [23, 162],
Eh — <1ﬂ K2K3K4’Y“ |1i> [Er — <1¢| 7“K2K3K4 ’1i>

o 2(IF[KLK 1) T 2(F [ KK [1F)
[ — <1ﬂ KQ’VMK3K4 |1i> e — <1]F| K2K37MK4 |1i> (2 34)
’ 2(1F| KoKy 1%) 7 7 2(1F| KoK, [1%) '

Note that the ‘—’ solution is simply the complex conjugate of the ‘+’ solution. If we have a

four-mass box, then we must resort to using the more lengthy solution provided by Britto,

Cachazo, and Feng [160]. (See Ref. [163] for loop momentum solutions in d = 4 — 2¢.)

To obtain an arbitrary box coefficient, we simply apply a unitarity cut and multiply the

four corresponding tree amplitudes together:

m m
Azne—lOOp ) = E diBOXi = E (dj + d;)BOXi,
oxes 1 1
1
+ o treet Atreet ptreet Atreet
di;boac - §A1,i A2,i A3,i A4,i ’ (235>

where the = on the coefficients refers to the two one-loop solutions, A;-fieei are the tree
amplitudes from the cuts, and m is the total number of boxes. Note that the true integral

*

i-bors DUt we must keep these separate to

coefficient d; 0, is the sum of the two coefficients d

find the coefficient relations.

2.1.2.2 Triangles

Next consider the triangle integral coefficients. We start with the triangles by counting the
number of triangle cuts. There are the one-mass, two-mass, and three-mass triangle cuts,

which are shown in Fig. 2.3. Once again, there are n one-mass cuts. Similar to the two-
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Figure 2.3: The one-mass, two-mass, and three-mass triangle cuts are shown above.

mass-e box cut, there are (n — 4)n two-mass triangle cuts. Finally, for the three-mass, we
have an equation similar to the four-mass box cut, but no choose function is needed since it
would have been choose 1. If n mod 3 = 0 and n > 5, then we have n/3 contributing cuts.

Furthermore, if 7 > 6, then we have an additional 37~ n|=t].

For finding the loop solutions for triangle diagrams, a parameter ¢ is introduced to rep-
resent the undetermined degree of freedom from having only three unitarity cuts. After

converting Forde’s loop solution [161] into our notation, we find

Q2
(B | = (R3] + o (K] 1] = = 1] + K]
~ Si(ms + S3) ~ S3(ms + S1)
Q1= ~—5  a o Q2 = —~—5 o a
Yiz — 5153 Vi3 — 5153
S1
11 = Qo1 — —, a2 = g2 — 1,
713
S3
91 = (1 + 1, 12 = (o2 + -, (236)
713

wherei = 0,1,2, S; = K;-K;, and v = K- K3+\/(K, - K3)2 — K}K32. The four-momentum

representation of the loop momentum solution is

Q102
2t

[ = 0K 0K (3 )+ R (K] (23)

We can in principle consider four triangle loop solutions, since there are two loop momenta
and two gammas. However, if S; or S3 = 0, then there is only one non-zero solution for

gamma. In either case, we simply average over the two or four solutions, including the two
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Figure 2.4: The needed two-mass bubble cut is shown above. The one-mass bubble cuts

vanish.

loop momenta. To find the second loop solution, we can take the complex conjugate, or

simply switch all of the angle brackets with the square brackets.

Note that our «;;’s are a bit different than Forde, since we use different conventions for
the loop and external momenta. Just as Forde showed, we find that a;;0ue = o109, for

i,7 =0,1,2. Our conventions match those of Refs. [23, 163].

Following Forde’s procedure to find the t-independent triangle coefficient we take

1
Gan(t) = S ATTEATE A,
SO
Cari = [Ifycy (1)) li=o, (2.38)

where nyg, is two or four, depending on if there are one or two independent values for gamma.
The symbol Inf; instructs one to Taylor expand with respect to ¢ around infinity and keep

the tY = 1 term to obtain the triangle integral coefficients.

2.1.2.3 Bubbles

Next, we review the extraction of the bubble coefficient. Counting the number of bubble
cuts is much simpler, since there are only one-mass and two-mass diagrams. There are n
one-mass cuts and ”T_?’n two-mass cuts, shown in Fig. 2.4. The bubble loop momentum

solution has two arbitrary parameters, t and y. Instead of using Kg’“ , any arbitrary massless
22



vector y* can be used. It is often convenient to choose it to be the last leg on K;, which

gives a simple K i’“ and x*. We define K i’“ in terms of the massless spinor.

Sy
Kb = gt 2L o R b 2.
1 Y XX 1 — X (2.39)

Now, we are ready to express the loop solution in terms of K i’“ and y"*

y) (X’

) i3] = 21K + X7,
GIEXCHET 0%

, 1] =(y—1)|K] +t]x]. (2.40)

(5| = (K] + (1 -

From these we can find loop momenta,

y(l—y

¢
I = yK'i’“Jr(l—y)xb’“ﬂL§<K?|V“\Xb]+ (X7 K7 S

y(l—_ (|| K7 - (2.41)

¢
" = (y— DK =y + 3 (K[ |X] + >

To find a bubble coefficient, we first find the bubble cut contribution to the bubble coefficient,

leaving in the y and ¢ dependence,
1 ree: ree
bibub(t’y) = §At11 () A (L ). (2.42)

To obtain the full bubble coefficient independent of y or ¢, one can use the methods described
in Refs. [22, 23, 149, 161, 163]. The expression for the bubble cut contribution to coefficient

18

bii;bub = [Inft [Inf bz bub(t y)] yi= i”t=07
1 1 1 1

The bubble coefficient includes contributions from the triangles, but we will show that these
contributions also satisfy the BCJ integral coefficient relations when we review the triangles.
We will not review the bubble extraction in full detail, since we show that the triangle
coefficient satisfies the new coefficient relations for all orders of ¢, implying that it hold for

the total bubble coefficient as well.

Our goal is to understand how tree-level amplitude relations can be used to create loop-

level integral coefficient relations. The BCJ amplitude relations are needed, since the ordering
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of the two loop momenta for any tree amplitude is already fixed. Since the relations fix the
third leg, we can fix one of the external legs for any of the isolated tree amplitudes. We see

that one-loop integral coefficient relations naturally arise from the tree-level BCJ relations.

2.2 One-Loop Amplitude Coefficient Relations

Now that we reviewed the calculation of integral coefficients in arbitrary one-loop amplitudes,
we focus on relations between these coefficients. To start, we count the number of integral

coefficients needed before the BCJ integral coefficient relations are introduced.

Since the coefficient relations we will derive are independent of the external helicities, we
will typically focus on MHV amplitudes for simplicity. Fixing the external helicity config-
uration, there are n! external leg orderings, but the properties of the color trace leave only
(n — 1)!/2 to consider. The (n — 1)! factor comes from the cyclic symmetry and the factor
of 1/2 comes from the reflective symmetry of the trace over the color generators. Therefore,
one would naively expect there to be m(n — 1)!/2 independent integral coefficients, where
M = Mpog + Myri + Mpyp 18 the number of cuts made per ordering of external momenta. In
this section, we will show that the number of independent integral coefficients and tree am-
plitudes is actually smaller, since the BCJ relations can be recycled into the one-loop level

by the unitarity method.

Since each d; contains two adjacent loop momenta, the BCJ amplitude relations may be
easily used if we fix the loop momenta to be the first two legs of the tree amplitude. Let us

start by systematically considering possible box cuts of increasing complexity.

2.2.1 BCJ box integral coefficient identities

We start by considering the simplest box cuts. The first non-trivial example is a five-point
one-loop amplitude, which contains only one-mass box cuts. After taking into account the
cyclic and reflective symmetries of the partial amplitudes, one would expect (n —1)!/2 = 12

independent partial amplitudes. Furthermore, for each of these twelve amplitudes, there are
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Figure 2.5: We consider two box cuts needed, which are identical up to a twisting of the K3
leg. These two coefficients have the same loop solution, which allows for a tree level BCJ

amplitude relation to be used to relate the two integral coefficients.

five box cuts, giving 60 coefficients to compute. We would like to demonstrate that after
taking the BCJ relations into account, we can reduce the number of independent coefficients

to 30.

Consider the following two integral coefficients dﬁ,2,34,5) and dﬁ72743,5), shown in Fig. 2.5.
Not only do they have the same loop solution, but they share three tree amplitudes. Note
that the total box coefficient is found by summing the two loop solutions, but we keep these
two solutions separate to expose the tree-level BCJ amplitude relations. Let us take a closer

inspection at the dissimilar tree amplitudes containing K3

d§(1,2,34,5) = Azree(lgta _l; 3,4),
d§(1,2,4375) = Airee(lgj,ca —lfa 4,3). (2.44)

Since the two amplitudes have the same loop momentum solution, we can use the four-point

BCJ relation, Eq. (2.31), to relate the box coefficient. That is,

+ SiFa 4
d1,2,43,5 = —d1,2734,5' (2-45)
S_1Ey
2
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We look to find all possible five-point box integral coefficient relations. After considering
reflection symmetry as well as this new “twist symmetry” for the legs located on the tree, we
find that there are 30 independent five-point coefficients instead of 60. Finding the form of
the 30 integral coefficient relations at five points is as trivial as finding the correct four-point

tree-level BCJ amplitude identity, so we will not review the one-mass boxes any further.

Next, consider six-point amplitudes. There are one-mass boxes and two-mass diagrams
to consider. We start with the one-mass diagrams. In most cases, there will be multiple one-
mass diagrams which have the same loop solution. Consider the following six coefficients:
df2734576, df2735476, df2743576, df2’45376, df2753476, and df27543,6. It is clear that we can use the

BCJ relations to remove the calculation of four coefficients. Using Eq. (2.31),

di _ di Sl§4 + 545 + Sl?::4
124356 — @osa56— . T 01235467
S_1F4 S_iFa
5348+ Sprg(S_ s
7 _ g auSgs ia(S_i45 + S35)
1,2,453,6 123456 0 = %123s46T ,
—1F45-1F45 —1F4% 1545
d:t _ d:l: 813:5 + 545 + 813:5
125346 — (123506 T 0123456
S_1Fs S_1Fs
5355+ Sps(S_ s
pEs _ gt 35%134 4 135( 1554 + 34) (2 46)
1,2,543,6 123546 . - @1,2.3456 : :
S_1F5S-1F54 S_1F55-1F54

We see that at six-points, there are even more integral coefficient relations, since there
are more cuts with the third leg of the tree amplitude fixed. For counting the number of
independent box coefficients needed, it is important to note that not all of the six-point
one-mass boxes have six coefficients with the same loop solution. In some cases, there will

only be three independent coefficients with the same solution.

Note that at six points there are 360 one-mass coefficients, yet there are many fewer
unique loop solutions. The BCJ relations relate a majority of the coefficients with the same
loop momenta. We can see that if there are more than two six-point one-mass box coefficients
with the same loop solution up to an overall minus sign to account for reflections, then those
extra are dependent on two coefficients. In some cases, you may need to calculate a coefficient
which is not needed, but this inconvenience decreases the number of coefficients calculated

in the long run. For example, the one-loop solution has the following three coefficients:
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+ + - . - + .
dy5612.3 di51263 and dys .61 3. Notice how we can use dj 56105 and dys g9 3 as independent
basis coefficients, even though we do not need to calculate the second coefficient. It is

beneficial, since we are still only calculating two instead of three.

Next, we consider the six-point two-mass-e coefficients. These are a bit more complicated,
since there are potentially two tree amplitudes Ky and K3 which can be different for the same
loop solution. Once again, we group all of the coefficients with the same loop coefficient.
At most, we could have four coefficients which have the same loop solution. For example,
consider the following coefficients: df23745’6, df2375476, df32’45’6, and df32’54,6. It is clear that
we can relate the second and third coefficient to the first, but the fourth has two twisted
corners on Ky and K3. Expanding the fourth coefficient in terms of tree amplitudes makes

the identity more apparent:
1
dli,32,54,6 = EAgree(llia _liﬂ 1)‘4266([;7 _litv 37 Q)Aztlree(liiiv _Z;Ea 57 4)Aflree(li7 _li%iﬂ 6)' (2'47)

From expanding the coefficient in terms of tree amplitudes, we see that two four-point BCJ
relations can be used to find this coefficient in terms of df23745’6. The three relations between

the four coefficients mentioned above are

S+
d:l: _ d:t I35
1,23546 — (19234567 >
S_1*s
2
S+
d:l: _ d:t 153
1,32,456 — (19234567 >
S_j*3
1
S;te S+
d* — g* 5873 (2.48)
1,32,546 — @123456 . :
S_1E55 y*3
2 1

Therefore, we have demonstrated that even if multiple corners of a cut have different order-
ings, the BCJ relations can still be used multiple times, as long as the related coefficients

have the same loop solution.

When continuing this analysis to higher-point amplitudes, we find that the simplification
gets better as we increase n. The simplification occurs because there are more possible dia-
grams with the same loop solution. At seven-point, there are 12600 needed box coefficients,
but only 1785 independent coefficients. For example, there are 24 permutations of K3 for

the coefficient df2’3456’7, yet there are only six independent coefficients needed. We will not
27



write out these 18 relations, but it is clear that the BCJ amplitude relations could be used
to reduce the number of coefficients. Also, at seven-point we introduce three-mass box coef-
ficients, which could have up to eigth coefficients with the same loop solution. For example,
consider twisting Ky, K3, and K4 on the coefficient df237 4567 Lhese eight coefficients can all
be related to one coefficient, which gives seven relations. Once again, we will not write them
down, but it would be easy to generate with the BCJ relations. One would have to be a bit
more careful with writing down the relations for the twelve coefficients corresponding to the
loop solution contained in df237456’7. The K3 term gives a dependence on two coefficients,

while the K, would add an overall factor of inverse propagators from Eq. (2.31).

Interesting eight-point amplitudes to consider would be the four-mass and df432776578,
since that coefficient would depend on four coefficients. We will not go into deriving the
identities, because it is fairly straightforward. Nothing new arises for higher-point boxes

besides applying more complicated BCJ relations.

In Fig. 2.6, we plot the number of box coefficients needed before and after the BCJ
integral coefficient relations have been taken into consideration. The log plot shows that
as the number of external legs increases, the relations reduce a higher percentage of the
coefficients. We see that by eight-points, the number of independent coefficients needed to

calculate is roughly an order of magnitude less than what was naively expected.

Finally, we would like to present a formula to count the total number of independent
coefficients, after applying the BCJ relations. The boxes are a bit complicated, as there
is different counting for the one-mass, two-mass-e, two-mass-h, three-mass, and four-mass
boxes. We found the following expression which gave the total number of independent

coefficients C'(n) for n > 4.

127411
Cln)= )
=1

where |x] is the floor function and sym is a symmetry factor which depends on whether i,

151t
Jj=

> X " (2.49)

1 k=1 (n_Z _j - /{:)sym(z,j, k)7
7, k,and n — i — 5 — k, are the same or not. Note that ¢, j, k, and n — ¢ — j — k represent
the number of external legs on each corner of the box. Naively, we would expect that there

would be n! for each cut topology, but we know that the BCJ relations allow for this new
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Figure 2.6: The number of box coefficients. The red line represents the number of inde-
pendent coefficients before using the BCJ integral coefficient relations, and the blue line
represents the number of independent coefficients needed after the relations are taken into

consideration.
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type of twist symmetry, which, up to symmetry factors, divides the number of diagrams
by the number of legs on all corners. To get the counting exactly right, we introduced a
symmetry factor sym,

(

8 iifi—j—k—=n—i—j—k
2 . if ¢ = j = k, or any other 3 equal
sym= ¢ 1 cifi=jand k=n—1i—j— k, or any other two pair equal (2.50)

2/3 : ifi = j, or any other two equal
1/3 : else

(
The symmetry factor is chosen to properly count the number of needed diagram as well as
reflection symmetry. For example, consider a five-point box cut. There is only one type of
diagram possible with one corner having two legs and three corners with one leg. There is only
one diagram for this specification, yet there is a reflection symmetry, making sym = 2. For

other cases, there could be more diagrams needed, each with their own symmetry properties.

As we have shown, it is no surprise that the box coefficients should satisfy BCJ integral
coefficient relations. Next, we investigate how similar identities can be found for the less

trivial triangle coefficients.

2.2.2 BCJ triangle integral coefficient identities

Next, we study how the BCJ relations can be used to simplify triangle integral coefficients.
Exactly how the BCJ relations will come into play is less clear, since the loop solutions contain
the parameter t. In particular, the inverse propagators in the BCJ relations contain loop
momenta, and therefore we will end up with expressions for dependent triangle coefficients

in terms of the parameter ¢.

We start by considering two coefficients with the same loop solution, say 03273 4.56) and

c(il2’34165). We would like to find a way to relate these coefficients by propagators, such that
C(12,34,56) = Sfllz ~C(12,34,56) but we need to be careful with the ¢t dependence of the amplitude

and the inverse propagators. The first natural guess would be to keep the ¢ dependence

in the inverse propagators and the coefficient and apply the proper expansion of ¢ around
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infinity, followed by extracting the t° term. It turns out that this precisely works, as we

confirmed numerically. The coefficient identity is

+ _ si6(t) +
€(12,34,65) (t) = 87126@)0(12,34,56) (t). (2.51)

Finding this t-dependent coefficient, taking limit as ¢ goes to infinity, and taking the t° term

allows for the triangle coefficient to be found:

c?E12,34765) - [Inftczilz,m,es) ®)]]e=0 (2.52)
This shows that the triangle contributions to the bubbles should also satisfy this BCJ identity.

Now that we understand how to properly deal with the ¢ parameter, generating triangle
coefficient identities is essentially the same as the box coefficients. We group all of the
coefficients with the same loop solution together, find the set of independent coefficients,

and write down the analogous BCJ relations needed to find the dependent coefficients.

Now that we have demonstrated that the BCJ relations indeed hold for triangle coef-
ficients with Forde’s analytic approach [161], we would like to investigate how we can use

them to speed up numerical calculations.

When considering if the BCJ relations speed up performance, there is a caveat since the
triangle coefficient only needs the zeroth order term. However, finding c(1234,65) with BCJ
requires that we keep all of the coefficients in the expansion of ¢ for ¢(12 34 56), since the factors
of inverse propagators have ¢ dependence and will change the zeroth order dependence of
the undetermined triangle coefficient. Fortunately, all of these coefficients would be saved
for the evaluation of bubble diagrams. Therefore, the only extra computational cost for
s15(t)

determining c(12,34,65) involves finding the coefficients from expanding a ()
2

t. Furthermore, it appears that all of the factors of inverse propagators in all of the BCJ

with respect to

relations, even for higher than four-points, will never have a t" term for n > 0. Even if
we did not extract out the boxes and numerically evaluated the coefficients in a Laurent
expansion of ¢, we would only need to calculate the zeroth and first three negative powers of

the inverse propagator terms. Thus, we have shown that the only extra computation needed

the four coefficients for ;;5—5(2) = O(t%) + 2?2_3 a;t’, since ¢(12,34,56) only goes up to powers of

t3 for Forde’s method.
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Figure 2.7: The number of triangle coefficients. The red line represents the number of
independent coefficients before using the BCJ integral coefficient relations, and the blue line
represents the number of independent coefficients needed after the relations are taken into

consideration.
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In Fig. 2.7, we plot the number of triangle coefficients needed before and after the BCJ
integral coefficient relations are taken into account. We notice that the number of triangle
coefficients is reduced even less than the boxes. This is due to the fact that less cuts puts
more legs on a particular tree amplitude, which makes the BCJ relations more plentiful. We
found that the absolute value of the Stirling number of the first kind S2 gives the correct
number of independent n-point coefficients. Next, we review the bubble integral coefficient

identities.

2.2.3 BCJ bubble integral coefficient identities

We now look to see if the BCJ relations can be utilized with the bubbles. Typically, to
calculate the bubble coefficient, one has to subtract out the triangle contributions to the
bubble coefficient. However, since we already showed that the triangles follow the BCJ
coefficient relations for all orders of ¢, we only need to show that the identity is valid for the

bubble cut component of the bubble integral coefficient.

In particular, we analytically and numerically checked that the solution works for the
(41,23) cut for the amplitude A°"1°°P(1= 27 37 47). For example, we would like to see
how the coeflicient by 39) of Aeneloop(1= 3+ 9= 47) could be found from b(s1,23) using the
BCJ relations,

sult,y) 4
—=b t,y). 2.53
s_1a(ty) (12,34)( ,Y) ( )

Note that to find the true bubble coefficient, we must properly remove the y and ¢ depen-

+
b(12,43) (y,t) =

dence, such that

Diioas) = [Inft [InfyMbi (t,y)” (2.54)

s—nalt,y) 122

In Fig. 2.8, we plot the number of bubble coefficients needed before and after the BCJ

integral coefficient relations are taken into consideration. As expected, the bubbles are
simplified even more heavily than the triangles and boxes. Similar to the triangles, we can
use the Stirling number of the first kind S? to count the number of independent coefficients,
but this also includes one-mass coefficients. To find the numbers shown in Fig. 2.8, we

subtracted n(n — 2)!.
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Figure 2.8: The number of bubble coefficients. We did not include one-mass coefficients,

since the corresponding integrals integrate to zero.

We have clearly demonstrated that the tree-level BCJ amplitude relations can be used
to create one-loop integral coefficient relations. However, we note that these BCJ integral
coefficient relations are only useful for amplitudes with multiple identical particles, which
often is the case for QCD jet processes. However, there will always be other particles
interacting with these gluons, which would lessen the number of identities which are suggested
by the figures shown throughout this section. These relations could be useful for improving

the efficiency of QCD calculations or to check the stability of numerical code.

2.3 Examples of BCJ integral coefficient relations

2.3.1 Box integral coefficient relation example

Let us consider the box integral coefficients d(; 2345 and d(1 2435 and show explicitly that

these coefficients satisfy the integral coefficient relation provided in this chapter. We start

34



3+

i 5t

Figure 2.9: The one non-zero loop helicity configuration is shown above for the coefficient

d(1,2,34,5)-

by calculating the d; 234 5) diagram explicitly, shown in Fig. 2.9. In principle, there are eight
possible loop helicity configurations, but only one is non-zero for this specific cut. We can

write down the coefficient by multiplying by the four tree amplitudes:

i) —illa=0) i{s—l)® —i[-15]) (1) lilyls |5)?

Go2ss = (L—=1) (=11) [=122] [20] (—153) (34) (4l3) [5I] [I—15] — (34) (1] 1]5] (3] 12 ]2] (4] lall 2]
(2.55)

where [ = [y throughout. We can use the loop solution from Eq. (2.34) and find [ to be

. 1 [21] L
"= 225 (1[~*[5],
_ 1 (21) L

Right away, it is clear that the positive solution gives zero, since (117) = 0. We continue by

only considering the negative loop solution. We can make a choice for (I~| and |I7],
(Tl=61L 1=l =all], (2.57)

which allows us to simplify the calculation in terms of external spinors.

Furthermore, we can use momentum conservation to express all other loop momenta in

35



terms of [:
. _ (117121 2 1]5]°
e (34) (L[1[5] (3] 1 — 1[2] (45) (1] 1]5] [12]
(15)° a®[12)* (25)° o [15)°
(34) (45) ((15) a [15])*((35) a [12] — (31) [12]) [12]
i(12)°
23) (34) (45) (51)

= is51512A8°°(17,27,3T,47 5%).  (2.58)

Z'551812<

In the last line, we used the Schouten identity to simplify the denominator. Similarly, we
can immediately write down the equation for the box coefficient c(;2435) since p3 and py
have the same helicity, which is given by

i (12)

d =1 =1 Aee(17,27,47, 37, 5™). 2.59
(1,2,43,5) 1851512 <24> <43> <35> <51> 1551512415 ( ) ) ) ’ ) ( )
Next, we check that the coefficient cut relation d_ | (12435) = Sl‘"*id(l 2,34.5) holds. To start,
—154
Spa o (sl (4[1+5]4]
S_iz4 4| —1y14]  @l1+2-114)
45
Sga — 52 ((2[ 1 +514)) _(45) (23) 2.60)
S 134 e ((45) (21) — (41) (25)) — (4] 2]4]  (24)(35)
Schouten identities and momentum conservation are used throughout to simplify these ex-
pressions. We can see that this is the exact factor which is needed to find d (1.2,43.5) from
d(’172’34’5), since
Sifa
da,2,43,5) = St dELl 2,34,5) =0,
_ Si;a _ i(12)
d g = : 2.61
(1,2,43,5) sy 0:2349) = 1551512 (24) (43) (35) (51) (2.61)

2

As we have demonstrated, the BCJ integral coefficient identity holds for this five-point box

cut example.

2.3.2 Triangle integral coefficient relation example

Next, we will show how the BCJ integral coefficient relation holds for a triangle cut. We
will choose a four-point cut c(; 234) Which has a zero triangle coefficient, but does have non-

zero terms for powers of ¢ greater than zero. These higher power terms contribute to the
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Figure 2.10: Diagrams needed for the coefficient c(1 23 4).

bubble coefficient, so we must confirm this in order to show that the BCJ integral coefficient
relations work on the total bubble coefficient. In this example, the BCJ relations will be
used to find a non-zero triangle integral coefficient from a zero triangle integral coefficient,

which is possible since the inverse propagator ratio has t dependence.

We will calculate the triangle cut from the amplitude AS"'°°P(17,27,3*,4%). There are
three nonzero loop helicities which we must consider. We have the three diagrams, which

we will label as A;, Ay, and A3 and are shown in Fig. 2.10, which when evaluated gives

1 —i (11)? (1,2)° [41]?

T ) (L) (23) (Bla) (o) [ilo] [124]

L —i L) (1,2)° (1l,)?

2T ][] (23) (3) (Ioly) (Io4) (41

4 — —i (11;)? (215)* [124]? (2.6

(I11) (11) (23) (3la) (laly) (112) [41] [lla)

Choosing K" = p" and Kg’” = pl}, we find that the following loop solution is

G=eql, =14,
=t =)
(3| =t(1] + (4], i3] = [4]. (2.63)

This leaves three non-zero contributions after considering the positive and negative loop
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Figure 2.11: Diagrams needed for the coefficient c(1 32.4).
solutions,

n i [41] (12)°
2 (23) (¢ (31) + (34))’

T —i((42) — 1 (12))%¢3 [41]
o (23) (34) ’
_ i (24)* 3 [14]

A; = (2.64)
’ (23) (34) ((42) — $(12))

After expanding about ¢ = oo, we find that only the negative solution has non-zero contri-
butions to the triangle and bubble coefficients. Next, we can calculate c(; 234)(t), which is

the same as c(1 23 4) before picking the t? term after the expansion about infinity. We find

1
Czr172374)<t> = 0+ @ <€> y

Casa(t) = %((z@%%(%} (12)t2+2<12)2t)+(’)(%>. (2.65)

The fact that there is no zeroth order term shows that there is no triangle coefficient, yet
the higher powers of ¢ would feed into the bubble coefficient. Let us check the BCJ integral
coefficient relation by first calculating the coefficient c(il&’ 4(t) and then confirming that the

two coefficients satisfy the corresponding BCJ relation.

Once again, we can write down expressions for the three amplitudes, which we will refer

to as Bj, By, and B3 and are shown in Figure 2.11.
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—i(11)® (21,)* [41]?
(111) (L) (21y) (Ioly) (133) (32) i3] [124]
B _ T ik (21,)* (1l,)?

’ [11] [114] (2L2) (lola) (113) (32) (l24) (41)
—i (1) @2L)? [1,4]°

B = ) ) ol (03) (32) [41] ] (2.66)

Similarly, there are three non-zero contributions to the triangle/bubble integral coefficient,

which are shown below. We used the same loop solution as previously and find

2 (13) (32) (¢ (21) + (24))’
- —i ((24) — L 21))" 43 [41)
! (24) (32) ((43) — 1 (13)) "’
B; = it (24)” [14] . (2.67)

(32) ((43) — 1 (13))
Once again, we find that the positive solution has no contribution to the bubble or triangle
coefficient. The negative solution does have a non-zero triangle integral coefficient. Since
the analytic expression for this amplitude is a bit lengthy, we will only report the zeroth

order term, which corresponds to the triangle integral coefficient.

ct =0
(1,32,4) )
iy 2is4 ((13) (24) (14) (243>+2(12>2<34>2). (2.68)

(34)

Next, we show that we get the same result if we were to use the BCJ integral coefficient

relations. The ratio of inverse propagators for the positive and negative loop solution
are
Sips - [43] (£(13) 4 (43))
S_1f3 (13) (¢ [34] — [31])°
Si> 4 4
B (34) (¢[31] + [34]) (2.69)
5_173 [31] (¢ (43) — (13))°

We see that these two are complex conjugates of each other, if ¢ is real. Next, we will multiply

these by b(1 23.4) , expand about t approaches infinity, and keep the zeroth order term. SQM
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Figure 2.12: The non-zero helicity configurations for the coefficient b4 93).

and Mathematica easily allow for this analytic expansion to be performed [155], which gives

S+ (t)
T 133
c = Inf, | 2"~
[ $1-3(1)
c = Inf, | 2"——c,
(173274) _S—l;3<t

) C(+1,23,4) (t)

) €(1,23,4) (t)

t=0

t=0

0,

2isu1((13) (24) (14) (23) +2(12)° <34>2),2 70)
(34)" o

After some factoring and application of the Schouten identity, one can get the BCJ integral

coefficient relation to give the correct expression for the coefficient cﬁ 32.4)" Furthermore, we

numerically confirmed that the coefficients agree for all orders of ¢, not just for the t° term.

This ensures that the triangle contributions to the bubbles will also satisfy the BCJ integral

coefficient relations.

2.3.3 Bubble integral coefficient relation example

In this subsection, we present a calculation of a four-point bubble coefficient and show that

it satisfies a BCJ integral coefficient relation. We start by considering the b(4;23) integral

coefficient of the amplitude AJ"'°P(1~,27, 3%, 47), which is shown in Figure 2.12.

We have two non-zero internal helicity configurations to consider, which we will refer to
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as C; and Cj.

o = i (10)* i (1h2)?
P (U () () (ay (23) (30) (i)
_ i)’ i (21)*
“ - (L) (14) (41) (23) (31) (Uly) (1;2)" (2.71)

Each also has two loop solutions, giving CljE and C’Qi. We chose x* = pl, which makes

K" = p!. The loop solutions are

=t 0=l =T,

l=@=-2al = - DH -+, (2:72)

Plugging these solutions in and simplifying, we find

(23) (41) (1 — )(¢ (34) + (1 — y) (31))’
or - t(t(24) + (1 —y) (21))*
207 (23) (A1) (1 — y)(t (34) + (1 — o) (31))(t (42) — y (12))’
o _ (B (-1 +az)
LT @) (y—1) (2 (34) + (31))
_ (y — 1) (¥ (24) + (21))"
O = @A (20 1 0) (v 1) (42) 5 1{12)) 273)

To calculate the bubble coefficient, one must typically subtract away the corresponding trian-
gle contributions. However, we have already shown that the triangle contributions will cancel
at all orders of ¢, not just the component contributing to the triangle coefficient. Therefore,
to confirm that the BCJ integral coefficient relation holds for the bubble coefficient, we will

just focus on the bubble cut contribution to the bubble coefficient.

We find the coefficient bal,%) is zero by applying Eq. (2.43) to C; + Cy. For bia1,23)> we

et
° 2 (13) (24)% — (12) (13) (24) (34) + 11 (12)” (34)?
(41,23) — 3 <34>4 .

Next, we would like to calculate bal,32) and see if it can be found from bilﬂ?’)’ The former

(2.74)

coefficient has four contributions Di and Dj, which is shown in Figure 2.13.
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Figure 2.13: The non-zero helicity configurations for the coefficient b(4; 39).

b i (1) i (21)*
1 (L) (L) (14) (41) (20) (Ih) (h3) (32)°
B i (10)? i (21)°
Pe = Tl ) () W 23 32 =)
We can use the same loop solution as before and evaluate DL and D32 to find
e t4((24) — ¥ (21))*
1 (32) (41) (1 = y) (2 (24) + (1 —w) (21)) ((43) — $ (13))
e Lty —y) ey
i (32) (41) (1 —y) ((43) — ¥ (13))”
e (4)" (= 1) (24) +1 21))"
1 (32) (41) (y — 1) (¥ (24) + (21)) ((y — 1) (43) + £ (13))’
; (y—1° (4 24 + 21))°
DT - D) () =0

Finally, we can use Eq. (2.43) and find the contribution to the bubble coefficient b( 1132) 1t

is no surprise that bal 39) is zero, and we find

- —11(13) (24)% + 13 (12) (13) (24) (34) — 14 (12)* (34)°
(41,32) — 3 <34>4 :

(2.77)

Next, we would like to calculate b7, from b( 11,23) by using the BCJ integral coefficient

(41,32)
relation Eq. (2.54) and confirm that we get the correct result. First, we find the needed ratio
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of inverse propagators, which are

s _ (L3 + (1—y) (13)) (¥[34 + [31)

S (3)=#013) (- DB+ B
ses_(HU3)+(13) (B4 + (1= y) B1) -
s (=D @)+ (13) (B4 — £ BY) |

We can apply the BCJ integral coefficient relation to confirm that we get the right result.

Sliz(t>y)
bal,32) = Inf, |Inf, T T )bim?))(t,y)
ll3 ’y t=0.v'=Y;
7y 1

—11(13)% (24)% + 13 (12) (13) (24) (34) — 14 (12)” (34)*
3(34)* '

Y

(2.79)

We confirmed that the two solutions agree numerically, thus showing that the BCJ integral
coeflicients work on bubble coeflicients as well. Around the same time of this work, similar

relations were utilized to find rational terms as well [164].

This chapter demonstrates that color-kinematics duality, which motivated tree-level am-
plitude relations, provides more structure to one-loop amplitudes via integral coefficient
relations. While this work has only focused on Yang-Mills theory, in principle, these con-
cepts could be carried over to scattering amplitudes in gravity via the double copy [30, 38,

39, 43, 51].

One-loop graviton scattering in general relativity is miraculously UV finite [165], yet
adding matter causes unphysical divergences. Perhaps the divergences are due to the ne-
glection of gravitational spin-spin interactions of quantized angular momentum via torsion
in Einstein-Cartan theory. The double copy of the Yang-Mills boson in Riemannian geom-
etry gives the graviton, axion, and dilaton. In 1974, Scherk and Schwarz showed that the
Einstein-Hilbert action in Cartan geometry allows for spin-spin interactions between fermions
via torsion, which when placed in Riemannian geometry results in the axion [166, 167].
Einstein-Cartan theory is a very natural extension of general relativity with semi-classical

applications of quantized angular momentum [168].

While it has been argued that Einstein-Cartan theory treated as a quantum field theory

provides a UV cutoff for matter via a Cartan radius [169, 170], scattering amplitudes have
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only been computed in Einstein-Cartan theory at tree level [171]. Asymptotically safe quan-
tum gravity as well as UV fixed points in theories with torsion and non-metricity have been
investigated [172-174], as well as the short-scale differences caused by quantum gravity [175].
Finite entanglement entropy has been found in asymptotically safe quantum gravity [176].
A U(1) gauge symmetry was found in the trace of the torsion tensor, suggesting some con-
netion to a gauge-gravity duality [177], which also allows for a U(1) x SU(2) symmetry to
be found when considering the four-fermion interaction term [178, 179]. Dark matter, dark
energy, and the hierarchy problem also may be addressed with Einstein-Cartan theory [180—
183]. While it would be interesting to investigate the UV properties of quantum gravity with
matter via generalizations of Einstein-Cartan theory that also encode the standard model,

such a topic is outside the scope of this thesis.
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CHAPTER 3

Radiation in Linearized Gravity and Electrodynamics

In this chapter, linearized gravity and the quadrupole moment method for gravitational
waves are introduced. Interest in a radiative double copy motivates studying the connec-
tion between electromagnetic radiation and gravitational radiation in linearized gravity. By
comparing with the quadrupole moment method, a generalization of the Lienard-Wiechert
potential in electromagnetism is found in this section for relativistic gravitational sources.
While such a formula would not be a valid approximation of general relativity for relativis-
tic bound states, it could be applicable for gravitational wave production from relativistic
scattering processes. While the simple classical solutions presented could be calculated with
traditional methods, the hope is that a radiative double copy could help with more difficult

calculations and provide new insight.

3.1 Gravitational Waves in Linearized Gravity

In 1893, Heaviside considered the possibility of gravitational waves in a linearized theory of
gravity analogous to Maxwell’s equations. With knowledge of the modern color-kinematics
duality we can see an echo of some charge-mass duality between Maxwell’s equations and
Heaviside’s theory of gravity. By 1905, Poincare proposed that gravitational waves would
move at the speed of light. By 1915, Einstein developed his general theory of relativity,
stating that all forms of stress, energy, and momentum curves the spacetime metric g, .

Einstein’s field equations are

1 8rG
R,ul/ - §g/ﬂ/R = Guy = 711“,, (31)
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where R, is the Ricci tensor, G, is the Einstein tensor, 7}, is the stress-energy-momentum
tensor, GG is Newton’s gravitational constant, and c¢ is the speed of light. Around the same
time, Hilbert developed a simple action, which gives Einstein’s field equations when varied

with respect to g,,. The Einstein-Hilbert action is

63
SEH == /d4IL'£EH == _167TG /d4l'\/ —det(gW)R, (32)

where R = g"”R,,,, is the Ricci scalar. In 1916, Einstein demonstrated the transport of energy

via gravitational waves. While claims of indirect experimental confirmation were made in
the 1970’s, it was not until 2015 that LIGO directly detected gravitational waves, which was
publicly announced in February of 2016, coincidentally on the hundred-year anniversary of
Einstein’s discovery [184]. In this section, we look to linearize Einstein’s field equations and

study the associated gravitational wave equation.

Note that g/ = ¢/, which means that g/ = d, where d is the number of dimensions.
Throughout this chapter, we will work in d = 4 dimensions. As Einstein’s field equations
are a set of 16 nonlinear equations, calculating exact solutions is often quite cumbersome.
As physicists often do, it helps to approximate the spacetime metric as the sum of a back-

ground metric and a weak gravitational field xkh,,. We take the background metric to be

the Minkowski metric, giving

Guv = Nuw + thy, (33>
where use the convention that x = 326—7QG The Minkowski metric is chosen to be
N =Nt = diag(—1,1,1,1), (3.4)

Our assumption is that |kh,,| < 1, which allows us to neglect all terms after leading order

in kh. With this assumption, we find that the inverse metric is
g =" — kR + O(K?), (3.5)

where h** = ntn“Ph,s and linearized gravity ignores metric contributions of the order 2
and higher. Since 7, is a constant tensor, we can now develop a theory of linearized gravity,

which treats h,,, as the dynamical field. The linear theory has a simpler set of field equations,
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and all indices can be raised and lowered with the constant Minkowski metric. The linearized

gravity action is
1 1
Sia = /d4:p (§8ah“”8ahm, — 0,h"*0"hyo + 0"y, 0" h — §8Mh8“h> , (3.6)

where we see that x was conveniently chosen such that it drops out of the linearized gravity

action. A short calculation shows that Eq. (3.6) is equivalent to
4 1 L pur 9 71, 1 7 7
Spe= | d'x 58 Oy — Zauha“h : (3.7)
As a brief side note, physicists will often write down the Lagrangian
4 1 Qg pv 1
SGF = d*x 58 h* 8ahu,/ — Zauhauh . (38)

A field redefinition of h,, — h,, can be made to find this Lagrangian. Since there is
additional gauge freedom, many prefer to work in the transverse-traceless gauge defined

later. If the metric is traceless, then I_‘LW = h,,, which makes the two Lagrangians equivalent

2
in this gauge. This demonstrates that one does not necessarily need to gauge fix at the

Lagrangian level to get the above action.

Varying the linearized gravity Lagrangian in Eq. (3.6) gives the equation of motion in

vacuuln

02O ht — MO R — 0" O hH + 77“”8&85/_1'15 =0, (3.9)
where EW = hy— %nwh is the trace-reversed metric. Alternatively, the trace-reversed metric
in linearized gravity is given by g*/+/|det(g)| = n** — kh**.

No gauge fixing was used yet to find the above equation of motion. By applying the

harmonic, de Donder, Hilbert, Lorenz, Lorentz, or Fock gauge QJ_LW = 0, we remove the

longitudinal degrees of freedom and find
0“OuhH = 0, (3.10)

which is just the linearized wave equation in vacuum. A simple route to getting the equation
of motion in the presence of sources is to linearize Einstein’s field equations, giving

i 167G
KO Dby = ——— T, (3.11)

A
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where once again, we have restricted our metric to the harmonic gauge. There is still much
gauge freedom left over, as a propagating gravitational wave only has two independent
degrees of freedom. Due to diffeomorphism invariance or the coordinate independence of
general relativity, a gauge transformation of h,, will not change any physical degrees of

freedom. When z/* = a# + £#, we have

Hh;W = Hh;u/ - augu - 81/5;17

Kkhly, = Kl — 0,6 — 0,6 + 10 Ea. (3.12)
The gauge transformed metric can remain in the harmonic gauge, provided that 0*90,* = 0.

The general solution to the equation of motion can be found using a retarded Green

function, which gives

- 4 Ty (tret, T
Kh(t, T) = G/dgx’M, (3.13)

ra 17 — 7|
where t,q =t — | — 2| /c is the retarded time. Next, we focus on the wave solutions emitted

by arbitrary sources 7}, in linearized gravity via the quadrupole moment method.

3.1.1 Radiation and the Quadrupole Moment Tensor

To introduce gravitational waves, we start by noting that they are solutions of the vacuum,
found from Eq. (3.10). Since 9°9,h,, = 0, this suggests that plane waves e=™" times a
constant polarization tensor €, may work. Plugging the ansatz /ﬁ]_ll“, = €, e" +e;§ue_ik““’"’a
gives

k, kM =0, (3.14)
and the harmonic gauge condition gives

ke, = 0. (3.15)

Since the polarization tensor is symmetric, we have potentially ten independent components.
The harmonic gauge condition above removes four, leaving potentially six independent com-
ponents. We still have additional gauge freedom. By choosing &#(z) = (Hetke®® — (n*e=that®
we find

E,luzz = euu - iku(u - ikVCM + nuuikacaa (316)
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which leaves us with only two independent degrees of freedom in the polarization tensor.
From a particle physics perspective, we know that the spin-2 graviton is massless. While a
massive spin-2 particle would have five degrees of freedom, the massless graviton has only

two degrees of freedom, and so does a massless photon.

Since there are only two physical degrees of freedom, it helps to choose a gauge that makes
this simplicity more apparent. The transverse-traceless gauge does exactly that. Since it is
traceless, B,ﬂ, = h,,. Without any loss of generality, we will assume that the plane wave is

travelling in the z direction. Considering a single plane wave, the transverse-traceless gauge

gives
0 O 0 0
_ wogo | O €x €y O
Kkhly = gko Y (3.17)
0 €y —€ O
0 O 0 0

To put a metric in the transverse-traceless gauge from the harmonic gauge, one can utilize

the spatial projection operator Py, = O — nyny, where n; = ' /r, such that

_ _ 1 _
hJTkT = Pjihim P — §F)jk<jjlmhlm)- (3.18)

Similar to light, gravitational waves can be linearly or circularly polarized. The linear
polarizations of gravity are called “plus” and “cross”, due to how they affect a ring of massive
test particles. While most texts would label these as ¢} and €}”, we will denote them as e.”

and €/, saving the + label for right-handed circularly polarized gravitational waves. The

dimensionful linear-polarization tensors are proportional to unit tensors é*, given by

0O 0 0 O 00 0O

o 01 0 0 . 0010

e = €pafl’ = €4a , €’ = ey (3.19)
0 0 -1 0 01 00
0O 0 0 O 00 0O

Similar to the polarization vectors of electromagnetism, we can define the circular-polarization

tensors from the linear, giving ¢ = \/Li (ébv £ ier”). With each component displayed ex-
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plicitly, we find

0 0 0 0
0O 1 =42 O
€+
ey =epell = — (3.20)
V2 0 4 -1 0
0 0 0 0

Now that we have established that gravitational waves are a solution to the linearized
field equations in vacuum, it is time to see how sources can radiate these waves. A multipole
expansion is used to take a nonrelativistic expansion. While the retarded time t — |# — 2’| /¢

is conceptually intuitive, it helps to expand | — &’|, such that

d2
vst - rrnso(®)
r
1 1 d
— = -4+ 0| = 3.21
el P <r2)’ (3:21)

where = rn and d is the characteristic size of the near zone, which is the region where 2’ is
integrated over. Since TH(t — |& — Z'|/c, &) is needed in Eq. (3.13) yet we want to evaluate
it in terms of the average retarded time ¢t — r /¢, a Taylor expansion in & - /¢ can be taken,
which is small in comparison to r/¢, giving

r I-n 1 /7 -nd\" r
o (=L 7)== L\ e (t—— *’). 3.9
( e ’I) Zon!( c dt) . (322)

It helps to imagine Fourier modes such that the nth time derivative would correspond to
n factors of iw, with wa - n/c < 1 for nonrelativistic sources. Since this unitless quantity
appears in the Taylor expansion, we only need the lowest order term with n = 0 to obtain

an accurate approximation.

As we will show, in order to find the gravitational waves in the transverse-traceless gauge,
the quadrupole moment tensor will correspond to this lowest-order term, which is defined

by

)
c2

IR(t) = / d%%xjxk (3.23)

where Latin indices only run over the three spatial dimensions. Since the stress-energy-

momentum tensor is locally conserved in linearized gravity, 0,7"" = 0, we can derive the
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identity

d? 00 . 02 ,
I = T d3xx]xkc—2 = —/dgxxjkaTao(x) = 2/d3xT7k(:c). (3.24)

If we restrict ourselves to the transverse-traceless gauge, Bou =0 and

khE = %I;k(tmt). (3.25)
This formula finds gravitational radiation for nonrelativistic sources in linearized gravity
from the quadrupole moment. Relativistic sources necessitate higher multipole moments,
such as the octupole moment; however, relativistic bound systems also introduce nonlinear

fields, which is outside the scope of this current chapter.

3.2 Generalizing the Lienard-Wiechert Potential

Next, we investigate if a linearized double copy can be found to relate gravitational radiation
to electromagnetic radiation. A derivation of the Lienard-Wiechert potential of electrody-
namics for arbitrary trajectories is given. While simply replacing the electric charge with
the momentum of a particle does not result in gravitational radiation, a nontrivial connec-
tion is found between the sources of electrodynamics and linearized gravity. This allows for
a generalized Lienard-Wiechert metric, which is found to at least hold for nonrelativistic

point-particle masses.

As one might expect, the plane waves from electromagnetism are related to plane waves
in linearized gravity. Electromagnetism also has unit polarization vectors, which can be
linear or circular. For waves propagating in the z direction, we define the electromagnetic

unit polarization vectors as

e = (0,1,0,0),

T

e = (0,0,1,0),
1 1
el = — (e +ié") = —(0,1,+1,0). 3.26

Interestingly enough, we can form the unit polarization tensors of gravity from the polariza-
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tion vectors above. For the plus and cross polarizations, we find

v v v
ey = énel —éer,
i s L A
ey = ehe, +ee,. (3.27)

While it has been known for quite some time that these electromagnetic polarization vectors
can be used to find the gravitational polarization tensors, we assert that the circular polar-
ization tensors of linearized gravity are a double copy of the circular polarization vectors of

electromagnetism, which can be seen by
e = \2eh e (3.28)

Once again, this relationship is well known, but within the language of the double copy,
circularly-polarized gravitational plane waves are a double copy of circularly-polarized elec-

tromagnetic plane waves.

To start with electromagnetism, the Lorentz-Heaviside units will be most appropriate for
giving a canonically normalized kinetic term without any bizarre factors of €y or pg, which
SI would have. In fact, Lorentz—Heaviside units can be thought of as natural units with the
factors of ¢ left in, such that both SI and Lorentz—Heaviside units have the same equations
when taking €y = pg = ¢ = 1. Also, we will choose the mostly-positive Minkowski metric to
agree with above, which is not typical for electromagnetism. Starting with the free Maxwell

action, we find
Su = —= [ dreF,, P 3.29
M — _Z_l Ly ) ( . )
where F),, = 0,A, — 0,A, is the electromagnetic tensor, and A, is the electromagnetic

potential.

The Euler-Lagrange equations derive the equations of motion, and continuing with no

sources, the equation of motion is
o"F,, = 0,0"A, + 0,0"'A,, = 0. (3.30)

Similar to gravity, electromagnetism has gauge freedom. The Lorenz gauge (0*A, = 0) is

analogous to the harmonic gauge (G“BW = 0) in gravity, which both remove the longitudinal
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degrees of freedom from the potentials. Adding the interaction term —%JHA“ and applying

the Lorenz gauge in the presence of sources J, gives

@M@:—%, (3.31)

where J, is the electromagnetic four-current, which describes the density and momentum of
electrical charge, just as T}, describes the stress, density and momentum of mass and energy.
Comparing the above equation of motion with Eq. (3.11), it seems fruitful to consider that

the solutions of these two wave equations will be similar.

Furthermore, point particle sources located at x; with either charges ¢; or m; for the

electromagnetic current and stress-energy-momentum tensor are remarkably similar, given

by

WE

S = S / drvt6® (z — (7)),

1

)

M =

T () =

free

mi/dvavf(S(4)(x —z4(7)), (3.32)

1

)

where the four-velocity vl = 8;; is the standard Lorentz-invariant four-vector and % =1.
While the Lienard-Wiechert potential utilizes this electromagnetic current as a source, it is
clear that this stress-energy-momentum tensor for free point particles cannot give the full
gravitational radiation, as it neglects inter-particle interactions that may lead to stress and

strain. However, we will carry through with the derivation of the Lienard-Wiechert potential

and see what is missing in gravity.
The appropriate Green function for the wave equations is given by
OG@E—a,t—t) = —=6O@ -2t -1,

GFE—7.t—t) = ;,'5<t—t’—|x_x|>. (3.33)

Ar|¥d — 2 c

The Green function allows us to find the fields at positions and times far away from the

sources, giving

() = ;/&fG@—x%W@%

c

kh*(x) = 167TG/d4a:’G(x—x')T“l’(x’). (3.34)

ct
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Plugging in the Green function and source for a single particle gives

AMz) =¢q; [ dt’ K 3.35
@) = [l (3.35)
Switching integration variables to ¢ = ' — w allows for a Jacobian factor 4 t6 be
added, which is found to be
~ dZa(t) (= =
Akl Gl 1)
dt’ ol =z, ()]
dt’ 1
dt 1—-6-n
where 3 = dfd‘)‘t(,t) and n = é i: E ;\ This allows for a simple integration over 6(t — t), giving
M .k
A(g) = — G5 _ &% , (3.37)
47T(1 - ﬁ ' ﬁ)R =t t 47TUZ Rp t/:tret

-,

where g* = (1,5), R = | — Z,(t')|, and R* = 2 — z!'(¢'). Doing the same calculations for
gravity gives an incomplete generalization of the Lienard-Wiechert potential,

4Gm; vty
A R,

KhH £

(3.38)

t'=tret
While this result is based off of the same derivation going back to the original days of
Lienard and Wiechert, the gravitational generalization above does not address gravitational

interactions that contribute stress and strain. This is expected, since T} is technically only

free
conserved if all of the particles are at the exact same location, which is only valid during the
moment of a collision. Maggiore also points out that the gravitational potential energy must
be included [94]. Since the equivalence principle states that gravity is indistinguishable from

acceleration, one might expect that an effective energy-momentum tensor which includes the

acceleration may help, as the four-acceleration represents worldline curvature.

For relativistic sources, Whitney has pointed out that the Lienard-Wiechert derivation
is a correct solution, but does not adequately apply boundary conditions in a Lorentz-
invariant fashion, as R’ is the distance between the observer and the time-retarded source,
which is combined with the time-retarded proper-velocity [185]. As a result, the radiation

found by the collision of many particles may give inconsistent results, which can create
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unphysical infinities in the radiative fields. Note how similar issues originally occurred in
gravitational wave analyses when utilizing the post-Newtonian approximation due to time-
retardation issues. While the PN approximation completely neglects retardation effects,
Whitney asserts that the common derivation of the Lienard-Wiechert potential does not
deal with retardation in a Lorentz-invariant manner necessary for describing relativistic
phenomena in full generality. While we will elaborate on Whitney’s claim in the following

subsection, we first will correct the above generalization, ignoring Whitney’s claim.

Comparison with the quadrupole moment method will allow for a more general formula
that builds off of Eq. (3.38). While our construction will only apply to point particles, it
may allow for gravitational fields to be found within a larger class of gauge conditions, as
the quadrupole moment method assumes a transverse-traceless gauge. To find the additional
terms, the quadrupole moment method will be investigated for point particles, and this will

allow for a Lorentz-invariant generalization. The quadrupole moment method is given by

2G

ctr

kh* = SR (tey). (3.39)

Solving for the quadrupole moment tensor gives
N
— 2G o? . .
k _ J k J .k
kh!" = pr ;:1 mlﬁ(acZ = E m;(x)ab + 20/0F + alal). (3.40)

Generalizing the Lienard-Wiechert metric to include gravitational forces adds terms propor-

. /‘L .
tional to m;a; gives

N
- 4Gm; (1 1

h* = E . I 3.41
) ~ AR, (2 s ey +2a,a:>, (341)

where af = d;Tx; and Eq.(3.41) will be referred to as the generalized Lienard-Wiechert metric.

Looking back at this result, it appears it was generated by the following tensor

T (x Z/dT— x “p; )(5(4)(x—xi(7')). (3.42)

Analogous to color-kinematics duality and the double copy, the substitution of momentum

for electric charge is made (p) — ¢;) to find J* in electrodynamics, giving

=3 [arik ()39 - i) (3.43)
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Assuming no particle creation/annihilation, ‘;‘f = 0, which gives J* as shown in Eq. (3.32).
In this sense, the generalized Lienard-Wiechert metric for linearized gravity, Eq. (3.41),
can be thought of as the double copy of the Lienard-Wiechert potentials of electrodynam-
ics, Eq. (3.37). However, this analogy has some quantitative differences from what will be
presented in Chapter 4, as the time derivative must be factored out in order to show this
resemblance. Since we have only compared this result with the quadrupole moment, it is

clear that the above formula only applies to nonrelativistic phenomena, as higher multipole

contributions such as octupole radiation have been omitted.

3.2.1 Limitations of the Nonperturbative Lienard-Wiechert Potentials

While the perturbative multipole expansion is quite rigorous in treating radiation from
charged macroscopic media in motion, the Lienard-Wiechert potential is for point parti-
cles and is apparently exactly correct in the relativistic limit. While this may be true, the
argument eventually breaks down when considering a collection of many particles, especially
if the interactions become strong. The Lienard-Wiechert potentials provide merit because
it is a nonperturbative relativistic result. This subsection briefly exemplifies some possible
limitations of the Lienard-Wiechert potentials. Fixing these limitations suggests a dual-
ity between retarded fields and instantaneous effects, which is then compared to aspects of

DO0-branes in M-theory, a nonperturbative formulation of quantum gravity.

To start, Whitney claims that the Lienard-Wiechert potentials do not satisfy proper
boundary conditions at infinity for relativistic phenomena, as they do not use the proper
time of the source [185, 186]. If Whitney’s claim is valid, then the problem would be more
experimentally relevant in gravity than electrodynamics. Whitney states that a Jacobian

was missed in the current density,

JH(z) = Z gic / ds06™ (2 — x;(s9))vH (), (3.44)

where vl = dz!'/ds) and s) is the source’s proper time. She claims that distribution theory
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or generalized functions suggest that the following object would be Lorentz invariant [186],

ox

dW(s — (s9,0)) = 6 (x — x(sY)) 95

: (3.45)

as the expression on the left-hand side is explicity in the rest frame of the source with proper
time s?. Taking into account this Jacobian, Whitney states that the following solution to
Maxwell’s equations is Lorentz-invariant and satisfies the appropriate boundary conditions
for relativistic sources at infinity [185],

qiv;
At (z) = :
() — AmcR; ’

(3.46)

where R} = \/R? + ~v?R| is a Lorentz-invariant distance found most easily in the rest frame

of the ith particle, which came from the Jacobian, giving a factor of 4(1 — - #)R/R), from
the result given in most textbooks. Whitneys result also appears to be manifestly Lorentz
invariant and appears to be more directly in terms of intertial frames of the sources. The
analogous equation for linearized gravity is given by

N

_ AGm; (1 1
Kh* = Z 04.:;. (Exfa;’ + ot'vl + 5@51’2’) . (3.47)
i=1 i

While the above equation would not be a valid approximation for relativistic bound sources
in general relativity, it may be interesting to compare the difference between Eqs. (3.41)

and (3.47) for radiation emitted from relativistic scattering processes.

Around 1987, Whitney wrote several articles pointing out related issues [186-189]. Inter-
estingly enough, two independent authors later have suggested the same correction. Field
claims to have shown that Lienard and Wiechert derived their formula from one of Heavi-
side’s formula, which turns out to be inconsistent with Feynman’s QED [190, 191]. In related
work, Field concludes that notions of instantaneous fields are needed [192]. Chubykov and
Smirnov-Rueda have also found similar inconsistencies with the Lienard-Wiechert potential,
which they claim necessitates a dualistic action at a distance and field theoretic approach

that is completely self-consistent with Maxwell’s equations [193].

While Jackson and others have argued that Chubykalo’s argument is completely nullified

on the basis of the assumption that the Lienard-Wiechert potentials are not a solution to
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Maxwell’s equations [194, 195], Whitney has pointed out over a decade earlier that both
methods are a solution to the differential equations, yet they have different boundary condi-
tions. As such, Chubykalo misrepresented the issues of the Lienard-Wiechert potential and
potentially made some mathematical errors, and Jackson is valid in refuting Chubykalo yet
does not address Whitney’s complaints, as Jackson only considres a single proper time 7,
which is valid for a single particle. In fact, Aspden previously followed up on the work of
Whitney and argued that instantaneous fields would be needed only if the electrodynamics
of hadrons and leptons at close ranges are different [196]. Our perspective is not that instan-
taneous dynamics is needed, but perhaps a nonperturbative approach for multiple particles

could be found from Whitney’s result instead of the perturbative multipole expansion.

The distinction of instantaneous action at a distance vs time-retarded fields has been
heavily discussed over the past two centuries. In 1947, Feynman and Wheeler recall how
Gauss first envisioned action at a distance propagating at the speed now known as the speed
of light precisely one hundred years prior [197]. They state that fully understanding radiation
in the action-at-a-distance picture is what is holding back the unification of field theory and
action at a distance, which may allow for a new duality in nature. Tetrode states that an
absorber is needed in order to radiate energy, fields only arise from other sources, and these
fields are represented by one-half of the retarded Lienard-Wiechert solution plus one-half of

the advanced Lienard-Wiechert solution.

Gauss, Weber, and Ampere developed a theory of electrodynamics that is an action-
at-a-distance theory that predated Maxwell and was sophisticated in its abilities to obtain
relativistic-looking phenomena in powers of v/c that satisfies Newton’s third law [198]. In
fact, Ampere’s law currently taught was not discovered by Ampere, but rather is the law of
Grassmann; Ampere’s law was contained in Weber electrodynamics. Nasilovski and Graneau
have performed experiments, including the study of exploding wires and Ampere’s hairpin
experiment, both arguing for Ampere’s original law. However, properly accounting for ther-
moelectric effects describe the discrepancies in the exploding wire experiments [199]. Jack-
son points out that while certain gauge choices can allow for instantaneous phenomena, they
are not needed [194] for classical electrodynamics. Jackson states on page 671 of his text-
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book [200] that “the radiation emitted by a charge particle in arbitrary, extreme relativistic
motion is approximately the same as that emitted by a particle moving instantaneously
along the arc of a circular path.” Assis and Bueno were able to show an equivalence between
Ampere’s law and Grassmann’s law and provide further resolution to how field theory and

action at a distance can agree [201].

While Einstein struggled with notions of entanglement and action at a distance in quan-
tum mechanics, a string theorist may find some solace in these notions. 11-dimensional
M-theory is said to be described by a matrix model of DO-branes, which exist in one time di-
mension zero spatial dimensions. When the light-cone frame is taken, which takes a Lorentz
boost in one of the spatial dimensions, nine Galilean-invariant transverse dimensions with
SO(9) symmetry remain [202]. Galilean invariance also gives an instantaneous Green func-

tion, which may be useful for depicting nonlocal interactions of strongly-correlated systems.

Holography admits a gauge theory description that encodes gravity via noncommutative
membranes [203-205]. Furthermore, closed strings contain tachyons, which are often thought
to be troublesome. Time-advanced fields from the absorber pointed out by Wheeler and
Feynman are claimed to be related to tachyons [206]. If spacetime is emergent, then the
time-retarded fields contained within spacetime must also be emergent. Without making
any connection to M-theory and the light-cone frame, Stefanovich has also suggested that
action at a distance would help unite general relativity and quantum mechanics, the ultimate
goal of string theory [207]. Since ultra-relativistic phenomena seemingly necessitate stronger
fields, perhaps it is not coincidental that string theorists are also emerging on notions of

action at a distance for the description of strongly-interacting systems.

Finally, to make connections back to theories of gravity in four dimensions, it is interesting
to note that Newton-Cartan gravity in 4D gives Galilean symmetry [208-210], which can be
recovered from 5D Einstein gravity theory by taking a Kaluza-Klein reduction along a null-
like direction [211]. This reduction is related to a non-relativistic AdS/CFT model [212].
Such a reduction from 5D suggests that Newton-Cartan and 4D general relativity are both
limiting cases of 5D de Sitter space. Perhaps certain gravitational phenomena may be

modelled with Galilean or Lorentz symmetry, even though relativistic Lorentz symmetry is
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most commonplace.

Our perspective is not to object to conventional notions of classical electrodynamics or
relativity, but rather to point out that M-theory seems to provide a unified description of
strongly correlated phenomena based on instantaneous Galilean symmetry, which captures
aspects of classical action at a distance, except with noncommutative geometry allowing for
spacetime uncertainty. If so, perhaps a dualistic picture of time-retardation of energy transfer
via fields and instantaneous information transfer via action at a distance would allow for a
semi-classical approach to nonperturbative gravitational wave emission from ultra-relativistic
or strongly-interacting systems. Investigating the Lienard-Wiechert potential provides hope
for bridging the gaps, as it is a nonperturbative solution applicable for relativistic phenomena.
Friedlander has also utilized distribution theory to find a generalization of the Lienard-

Wiechert potential on curved spacetime [213].

While it would be interesting to study the gravitational radiation from black holes in
a semi-classical theory based upon noncommutative geometry and the dualistic field and
action-at-a-distance principles previously mentioned that is self-consistent with Einstein’s
field equations and is a low-energy limit of the holographic principle from M-theory, such a
direction is outside the scope of this thesis. Next, the gravitational radiation is calculated
for a few simple examples by utilizing the generalized Lienard-Wiechert metric previously

found in Eq. (3.41).

3.3 Simple Examples

3.3.1 Binary Inspiral with Equal Mass
Two particles with mass m are assumed to be in circular orbit with the following trajectories

T4 (t) = £(acos(wt), asin(wt), 0), (3.48)
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where we will assume that the non-relativistic limit ¢, = “* < 1 holds. The three- and

four-velocities are found by taking the appropriate derivatives, giving

7i(t) = F(—awsin(wt), aw cos(wt),0) = cfy,

—

Vi(t) = vye(l, Fe, sin(wt), e, cos(wt), 0) = ve(1, f1), (3.49)

where the scalar quantity v = 1/4/1 — €2 is the same for both masses.

The calculation with the standard quadrupole moment method will be presented first.

The quadrupole moment tensor for the two-particle circular orbit gives

cos®(wt) cos(wt) sin(wt) 0
Li(t) = /dSﬂUlTOOI'{QJIf =2ma® | cos(wt) sin(wt) sin?(wt) 0 |- (3.50)
0 0 0

Eq. (3.25) states that we can simply take two time derivatives and multiply by 22 to find

the gravitational potential in a gauge where }_ZHO = 0, giving

—2cos(2wt) —2sin(2wt) 0

Li(t) = 2ma*w® | —2 sin(2wt)  2cos(2wt) 0
0 0 0
cos(2wt)  sin(2wt) 0
Kby = _86;7;63 sin(2wt) —cos(2wt) 0 |- (3.51)

0 0 0

Since h*Y = 0 and h = 0, h* = h*. For gravitational waves travelling in the z-direction,

this result is in the transverse-traceless gauge.

Next, the generalized Lienard-Wiechert metric, Eq. (3.41), will be used to find the same
result. While this formula is more complicated than the quadrupole moment method, its rela-
tion to relativistic electrodynamics is more clear, which will allow for a deeper understanding
of radiative double copy methods that are applicable to the post-Minkowski method. Taking
care with relativistic quantities allows for a gauge transformation to put the final result in

the transverse-traceless gauge.
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Since the two particles have slightly different locations, their retarded times tL = t —
|7 — Z+|/c are slightly different. To put these variables into the same coordinate system, the
retarded time from the center of mass tcom = t — |7]/c will be used. For highly relativistic
processes, the Whitney metric and the Lienard-Wiechert metric would slightly disagree, but
they both are equivalent in the non-relativistic limit, which will be assumed for now. The

denominator of the Lienard-Wiechert metric is

—

ViR, =vc(l— [ -ny)Ry. (3.52)

Upon inversion, applying the geometric expansion and taking the radiative limit a < r gives

e COREPCOROI

k=0

The Minkowski approximation keeps every term in this infinite sum, but the Newtonian
approximation only needs to keep terms to second order, since 5; scales with €,,. To introduce
more notation, & = r(ng, n,,n,) = rn, where 1 = n2 + nf/ +n?. In the radiative limit, the
geometric expansion term is

T — Ty

Ry

6; Ry = Ei . ( ) = 6; n+ QO <;> = Fe,(ngsin(wty) — nycos(wty)).  (3.54)

Time retardation from multiple sources introduces ¢4, which can be expanded via

|7 — T |

) = Waye T €, (N, cos(wty) + ny sin(wty)), (3.55)
c

wty = w (t —
which leads to the necessity of expansions of trigonometric functions in terms of ¢,,., where

sin(wty) = sin(Wlave) & €0(1y 08> (Whave) + 1y SIN(WEave) COS(WEave) + O (€2), (3.56)

cos(wtr) = cos(Whave) F € (N SIN(Whaye) COS(Whave) + My SIN* (WHaye)) + O (ei) )
This allows for the geometric expansion term to be properly expanded,
B; Ny = Fey, (Mg Sin(Whaye) — 1y COS(WEave)) — €2 (ng cos(Wtaye) + Ny sin((,utz,we))2 . (3.57)

To lowest order in €, these complications are only needed to properly get the kh% scales as

O(1), while kh'! scales as O(€2), since

_ 2G =~z
KR = Z ycz:? (z}af + 207'v] + afzy) Z(@; )" | (3.58)
i—t k=0
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As such, k' only needs the k = 0 terms to lowest order, while 2% needs terms up to
k = 2. Introducing the shorthand notation of ¢, = cos(nwtaye) and s, = sin(nwtae), the
radiative field to lowest nontrivial order in €, is found by dropping the simple 1/r term in

xh% corresponding to the Newtonian potential,

—(n3 - n2)02 — 201y 52 _%(nx(l + c2) + nys2) _%(nx52 +ny(l = c2))

KD — 8Gm7 2 %(nI(l + CQ) + nySQ) —C9 —3S9
Q5.
“r %( 252 T ny(l — c2)) —S2 Co
0 0 0

(3.59)
Since this result is in the harmonic gauge, the projector in Eq. (3.18) can be used to find

the final result in the transverse-traceless gauge with respect to the z-axis, giving

Co S9 0

- 8G'm

mhz;T:—cTT”ei s —c 0 |- (3.60)
0 0 0

We find that along the z-axis, circularly-polarized gravitational waves are found. By con-
struction, this generalization of the Lienard-Wiechert potential agrees precisely with the

quadrupole moment method.

3.3.2 Two-Mass Oscillating Spring System (Weber Bar)

Consider two point particles denoted by trajectories Z, (¢) and 7_ () with mass m connected
by a spring, which are a distance [y away from each other, on average. We will assume that
they are oscillating at a frequency w with an amplitude of oscillation A. Since the energy of
the emitted gravitational waves is extremely small, we will assume that the amplitude and
frequency remain constant over time, similar to the previous example. The position of the

particles as a function of time is given by

Zo(t) = + (%0 + Acos(wt)) 2. (3.61)
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Once again, we will assume that the velocities are nonrelativistic. The velocities and accel-

erations are given by

Uy (t) = FAwsin(wt)z,
@+ (t) = FAw? cos(wt)z. (3.62)
As we anticipate a simple result in the transverse-traceless gauge, we only look to evaluate

the purely spatial components of Eq. (3.41). In the nonrelativistic limit, the denominator

Av!' R, is adequately approximated by ¢r, and the only finite component of A is

. 4
kh't = Cim (—Alow® cos(wt) — 2A%w* cos® (wt) + 2A%w? sin®(wt)) ,
cr t=tave
_ 4Gmw? A
P — —GCmT(: (lo cos(wt) + 2A cos(2wt)) , (3.63)

t=tave

where £, is an averaged retarded time taken from the center-of-mass of the source. Finally,

this term can be projected into the transverse-traceless gauge with respect to the z-axis via

Eq. (3.18), such that

1 0 O
_ —2Gmw?
hfkT = #(2/12 co8(2wtaye) + Algcos(wtae)) | 0 =1 0 |- (3.64)
ctr
0 0 O

We find that the gravitational waves are linearly polarized in the “plus” orientation. Note

that this result has radiation with modes of frequency w and 2w.

This chapter has demonstrated that there is a connection between electrodynamics and
linearized gravity for radiating point particles via the Lienard-Wiechert potential and its
appropriate generalization. Qualitatively analogous to color-kinematics duality, a simplified
charge-momentum duality was found to connect the two theories. This motivated the in-
troduction of an interacting energy-momentum tensor, which generalizes the commonplace
free-particle energy-momentum tensor. The next chapter is dedicated to the study of the
radiative double copy for nonlinear theories of gravitation, based off of a slightly different

color-kinematics duality.
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CHAPTER 4

The Radiative Double Copy for Nonlinear Gravity

Theories

This chapter contains a review of the author’s publication on the radiative double copy for
Einstein-Yang-Mills theory [214]. To start, the diagrammatic formalism from Goldberger
and Ridgway [92] is elaborated to allow for radiative Feynman diagrams at lowest order in
Section 4.2. Similar to how ghosts were utilized to remove dilatons in Ref. [139], an ansatz for
scalar radiation analogous to ghosts are also introduced to remove the dilaton in Section 4.2.2,
confirming that the two formalisms allow for dilaton removal. Sections 4.3 and 4.4 conclude
with combining concepts in Refs. [92, 134] to compute gravitational radiation for Einstein-

Yang-Mills theory via the radiative double copy.

4.1 Introduction

The Lagrangians and equations of motion for gauge and gravity theories appear to be rather
different. Nevertheless, there are intriguing double-copy connections between their solutions.
This includes the Kawai-Lewellen-Tye (KLT) tree-level relations between gauge and gravity
amplitudes in string theory [1] and the Bern-Carrasco-Johansson (BCJ) double-copy relations
between diagrams in quantum field theory [30]. The BCJ double-copy relations are based on
color-kinematics duality, which gives particularly simple constructions of gravity amplitudes

starting from gauge-theory amplitudes.

At tree level the BCJ amplitude relations are proven [31, 32, 35, 36, 215]. Numerous
calculations at higher loops provide evidence for the loop-level double-copy conjecture [38,

39, 43, 51] and progress has been made to understand analogous monodromy relations,
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extending KLT relations to loop level [56, 57, 60, 61, 64, 216]. Einstein-Yang-Mills scattering
amplitudes [69, 80, 217, 218] can also be found via the double copy [66, 78, 79] using the
Cachazo-He-Yuan (CHY) formalism [219]. Biadjoint scalar fields can be used to find solutions
in Yang-Mills [130], and solutions in a Yang-Mills-biadjoint-scalar theory have been shown

to give scattering amplitudes in Einstein-Yang-Mills [72-74].

With the recent experimental detection of gravitational waves by LIGO [184], precision
calculational tools for gravitational wave emission are essential. Exploiting color-kinematics
duality to relate radiation solutions between Yang-Mills and general relativity is attractive
because general relativity is difficult to solve and the double copy has been shown to work for
a wide variety of gravity theories [46, 220, 221]. The connection between radiation solutions
of gauge theory and gravity has been described recently [90, 91, 125, 126, 131, 133, 139]. The
first example of using the radiative double copy to find nonlinear terms in general relativity
utilized perturbative Yang-Mills solutions [92]. Similarly a biadjoint scalar field can be used

to find Yang-Mills radiation [134].

This chapter builds off the radiative double copy for general relativity found by Gold-
berger and Ridgway [92] to find gravitational radiation in Einstein-Yang-Mills theory. By
comparing the differential equations of the sources and fields in gauge theory and gravity,
radiative diagrams are used to represent specific algebraic terms. Solutions in gravity can be
found from Yang-Mills theory, and the diagrams with three-point vertices can be computed
by stitching lower-order solutions together. At leading order, the trace-reversed metric [222],
h*¥ | is a natural double copy of the Yang-Mills potential A*® [223]. Motivation for a pertur-
bative double copy can be seen at the Lagrangian level, as the linearized gravity Lagrangian
is quite similar to the QED Lagrangian, a linearized version of the Yang-Mills Lagrangian.
Similarly, these two theories both have an analogous linearized wave equation. Remarkably,
radiation solutions of nonlinear gauge and gravity theories are related, at least when iterated
perturbatively. A double copy of Yang-Mills-adjoint-scalar theory is also briefly mentioned,

which can recover radiation solutions in Einstein-Maxwell theory.

While this paper focuses on classical solutions that could be calculated with more tradi-

tional methods [103, 105, 115, 116, 121-123, 224-226], the hope is that the radiative double
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copy could help with difficult calculations that may be more cumbersome to do in general
relativity alone. As more experimental data for gravitational radiation is collected, new

methods for calculating complicated radiation processes are encouraged.

Section (4.2) focuses on deriving classical Yang-Mills radiation, gravitational radiation in
general relativity with and without a dilaton coupled to matter, and how the radiative double
copy can be used to recover these results from Yang-Mills solutions. Section (4.3) calculates
radiation in Yang-Mills-biadjoint-scalar theory. Section (4.4) calculates radiation in Einstein-
Yang-Mills theory and the double copy is confirmed by direct calculation. Section (A.2)
calculates details of the gravitational contribution to the energy momentum pseudotensor and

Section (A.3) gives radiative Feynman rules for simple diagrams with three-point vertices.

4.2 Radiative Double Copy of Yang-Mills and General Relativity

In this section, the non-Abelian Yang-Mills radiation field A#* is derived for N colliding point
particles. Similarly, the gravitational radiation field h** is found in general relativity for the
same initial conditions. Following Ref. [92], replacement rules are used to find gravitational
radiation from Yang-Mills via a radiative double copy. We conclude with some brief remarks
on replacement rules for ghost fields to remove the dilaton exchange in the radiative double

copy, which is similar to what was found in Ref. [139].

4.2.1 Radiation in Yang-Mills

The Yang-Mills Lagrangian,

1
L=~ FF" — gt Ay, (4.1)

is in terms of the non-Abelian field strength,
Fy,(x) = 9,A5(x) = 9, A% () — g [ A}, () Af (), (4.2)
where the the mostly minus metric will be used, such that

" = diag(1, —1, -1, —1). (4.3)
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The covariant derivative is defined as
D, Al(x) = 9, AL(x) — g f**AD (z) A (). (4.4)

Using the covariant derivative, the equations of motion for the non-Abelian field sourced by
a current J** are

D, F™(z) = J"(z). (4.5)

We look to calculate the radiation created from the collision of NV charged particles, which

is sourced by the current

Ty =g / Aot (1) (1) 2 — xa(T)), (4.6)

_ dxh (1)

5= is the velocity, and c&(7) is the associated

where « is a particle number label, v¥ ()
adjoint color charge [227]. The vector source is covariantly conserved, such that D, J"* = 0.
In order to solve the equations of motion for the source above, it helps to choose the Lorenz
gauge 0,A** = 0. It also is convenient to define a pseudovector Jua = jJua 4 j** which is

locally conserved and is the source for a simple wave equation, such that
A — jea g e, (@)

In the Lorenz gauge, the gauge-dependent pseudovector is found by manipulating Eq. (4.5)
to give

j,ua — gfabcAg(aVAuc + Pw,uc)7 (48)

where JHe = Jna 4 J#* is the entire pseudovector, and j#* contains the contributions above

from the non-Abelian field.

Next, the initial conditions of the particles at 7 — —oco are chosen to be x# (1) = bt + vk,
where b} ; = b — b} is an impact parameter, and v/ is the initial velocity, taken to be a

constant. At arbitrary times near and after the collision,
(1) = bt + ot + 2H(7), (4.9)

where 2#(7) is the deflection to the trajectory due to the fields created by the other particles.

Since the deflections introduce acceleration into the trajectories, they produce a radiation
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field. In the weak-field limit, the sources are assumed to be nonrelativistic such that they
predominately have four-velocities in the time direction and v? ~ 1. Similarly, the color
charges are given by

co(r) =t +e(r), (4.10)

where ¢? is the initial charge, and ¢%(7) is the deflection of the charge due to the interacting

fields.

The classical equations of motion for momenta and charges in a Dirac-Yang-Mills system
can be found from Hamilton’s equations [228]. The internal spin of the Dirac fermions will be
neglected, as this would introduce new effective matter interactions [229, 230]. Fortunately,
the equations of motion found for Dirac fermions also are valid for Klein-Gordon scalars

without spin. The following equations can be used to solve for z#(7) and ¢%(7), which are

d?z1(7)

ma—2—= = ge ()P (@a(7))Vau(7),
dcsy) = g (1) AL (20 (7)) (7). (4.11)

The radiation field is solved iteratively by finding the lowest-order field, correcting the
sources, and finding the radiation field created by these corrections and interactions between

the lowest-order field. First, the lowest-order sources are specified in momentum space,

j““(k)]@(g1) = /dd:ceik’xj(x)] /ddxe’“gZ/ch O CR N )

N
= g3 [are e = §3 e omak vk, (412
a=1 a=1
which can be utilized to find the fields to lowest order, giving

a —1 Jua —1 —il-x Tua
AH (:L‘)|@(g1) = [ 1J” (Z‘)|O(gl):/ll—2€ ! J“ (l)’@(gl)

N o—il-(x—ba)
= =92 RO va)——vich, (4.13)
a=1

where fl f )d and [ is chosen as a momentum variable for the lowest-order fields, as
k will be reserved for the momentum of the radiation field. These fields above do not give

radiation, since the sources are from charges that are moving at constant velocity.
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The lowest-order field can be used to find the deflections of the sources, given by

d?zH(7)

Me, 772 = gco (8"A”a(xa( 7))oy — 8”A“a(xa(7))]@(g1)) Vo (4.14)

0O(g?)

The derivative of the lowest-order field acting on the particle associated with m, is

v p —zl (z—bg)
o' A™ (x)| o) ——g;:/%r (1 -vg)(—il ) 2 V5C. (4.15)

Plugging in the derivative of the lowest-order field from above gives

—il- (bap+vaT)

=g Zc cﬁ/ o(l - v,g)l—2 [(Va - va)I" = (vq - Dvf] . (4.16)

O(g?) B

d?zH(T)

o
dr?

Similarly for the color charges, their first correction to second order in g is given by

del(r)
dr

= gfabcngZ(:L‘a(T))|O(gl)cg. (4.17)
0O(g?)

Once again, plugging in the lowest-order field gives

ded (T)
dr

ube 6—il~(baﬂ+va‘r)
=—y Zf et (va - vp) /(27?)(5([ . ’Uﬁ)l—2. (4.18)

O(g?) Ba !

Now that the lowest-order field and the charge/momentum deflections have been found,
the pseudovector Jre can be found to next order, which sources the radiation field. The pseu-
dovector may be found algebraically and is also represented diagrammatically in Fig. (4.1).
Diagrams (la) and (1b) are associated with J**, and diagram (1c) is associated with j**,
such that the three diagrams add to give Jra, The matter propagators in the first two dia-
grams should not have the typical rules associated with Feynman diagrams seen in scattering
amplitudes, as a worldline propagator associated with 7 and not x* would be needed to deal
with the radiation emitted along the entire trajectory.! Scattering amplitudes do not have
this complication, as particle emission is studied at a localized point in time, rather than a

continuous radiative field emission.

In this section, the radiation is found algebraically. In Section (A.3), the diagrammatic
approach is used to calculate (1c) by stitching two lowest-order field solutions with the

three-point vertex, which agrees precisely with the algebraic result found below.

!The author became aware of this through discussions with Jed Thompson.
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B B B
(1a) (1b) (1c)

Figure 4.1: Schematic radiative diagrams are shown above. Diagrams (la) and (1b) corre-
spond to JH¢ the radiation from the deflection of the sources. Diagram (1c¢) corresponds to
7%, the radiation from the nonlinear gluon interactions. The three radiative diagrams sum
to give j“a, the total pseudovector source for radiation. Solid lines represent scalar matter

fields and curly lines represent Yang-Mills fields.

Expanding Eq. (4.6) gives J#* to next order. Taking the Fourier transform and integrating

over the delta function gives

N
. dz*
JH k) =g E /dTe’k'(b“Jr”“”Z"‘(T)) <vg§ + —Z;“S_)) (2 4+2%(T)). (4.19)
a=1

Expanding to next-to-leading order will be to first order in the deflections 2/ and ¢, giving

N
. AP
JEU k) = gz / drett (batvar) ((1 + ik - zo(T))0hCE 4+ vhed (1) + 22‘7(_7)0‘; + O(g4)) .
a=1
(4.20)

The following next-order terms are sources for radiation, giving

N
- , dzt(T)
a _ ik (ba+vaT) . a —a o a
JH (K)o = gag_l /dTe <Zl€ 2o (T)VhCE +vhEd (T) + I ca) : (4.21)

where the source for radiation omits the lowest-order term proportional to vhc%.

To define which terms correspond to diagrams (la) and (1b), respectively, it helps to

a
«

think about expanding f(7) = e** () and ¢(7) = v*(7)c%(7) separately, such that fo = 1,

fi(r) = ik - 24(7), go = V¥ | and ¢1(7) = dzg—T(T)cg + vkt (7). To lowest order, two
terms fog1(7) and f1(7)go are needed. The interpretation is that sources containing fog;(7)
refer to radiation that was emitted after the force interaction between particles o and £,

and sources proportional to fi(7)ge refer to radiation that was emitted before the force
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interaction occurred, such that they can be separated into two diagrams given by

al . dz(T)

(la)te = g;/dTe““'(bﬁ”“T) (UgCZ(T)—f— ;7_ ci),
N

(Ib)** = gZ/dTeik'(ba”“T) (1k - zo(T)VECS) . (4.22)
a=1

These diagrams have sensible uncontracted indices, as (1a) contains radiation resulting from
shifts dz“ and ¢, while (1b) emits a gauge boson before correcting the position and therefore
should be proportional to v#c%. The first two diagrams will be used as a heuristic guide, and

investigation of the worldline propagator will be postponed to later work.

Integrating Eqs. (4.16) and (4.18) results in dividing by —ik-v,, since the source integrates
over 7 and sets lg - v, = k - v4. To more easily combine these results with diagram (1c), an
extra integral over [, with a momentum conserving delta function is added and [ — Ig, such

that k" = I% + [j; and

T ows = 32 /l k) [ (- ) (4.23)
aslp
fa

b b
clc k-1l
a B a H B ©
+ < —v,-vg | UL — P ) + kv v — k-vgul B
Me a{ ﬁ<5 k- v, a) s 'Ba}]

where p, 5(k) will be used frequently and is given by

ilo b

pas(h) = | 2000+ 1) | [(%)é(vﬁ 1)

oilabs

07

] (2m) 46k — 1o — ). (4.24)
B

Next, contributions to diagram (1c) are found from j#* in Eq. (4.8), giving
k) = g5 [ e Al w) (0 4(@) — () (4.25)
P"Blogs = 9f™ / dwe™ A (@) o) (20" A" ()0 — 0" A™(@)lon)
Plugging in the lowest-order field solution gives

g =g’ E Zf“bccbcz/ Ha,5 (k) [2k - vavl — va - vslh] (4.26)
s
§Za
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where the dummy indices o and [ were switched to obtain this result.

The pseudovector J#*(k) can be found by summing J** and j#*, giving

l2
J““k: = ¢ / o [ “bccbcc{2k~v v+ (g - v < = v“—l“)}
( Z la15M B B ( ﬁ) « ( 5) lf'Ua « «
Baéa

l2 a k-1l

To find the radiation field A” from the source J#* [200],

a 1 dw —iwt Tpa
Aw) = o [ Srerim), (4.28)

where k* = w(1,2Z/r).

4.2.2 Radiation in General Relativity with a Dilaton

Next, we find the radiation field h* in general relativity with matter coupled to a dilaton,
which will be shown later to agree with the radiative double copy [92]. The action is given
by
2 2
S = /ddx [——2\/—gR—|— —(d— 2)\/—99‘”’8#(/581,4 — m/d7’e¢, (4.29)
K K
where ¢ is the dilaton field and dr = /g, dz*dxz”. This action also leaves out the coupling

of T" with the gravitational field. Since Einstein’s field equations,

1
R" — 2g" R = 8GT", (4.30)

naturally contain the energy-momentum tensor, the Einstein-dilaton field equations can be

found by varying the action in Eq. (4.29), giving
1
8rGT" = RM — ég’“’R —(d—2) (8“¢6”¢ g’””g""@,}gbaggzﬁ) (4.31)

For a classical particle in the absence of gravity, the energy-momentum tensor T"" is

T (2 Zma / drol (1)L (T)0% (& — 24 (7)), (4.32)

where this tensor is only locally conserved when all of the particles collide precisely at a

point.
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To study gravitational interactions, a locally conserved pseudotensor is often introduced.
According to Dirac’s interpretation, /|g|T*" is the density and flux of energy and momentum

for matter in general relativity [231] such that in the presence of gravity,
N
VI (@) = Y ma [ dret(r)et ()5 e = (1)) (133
a=1

A locally conserved energy-momentum pseudotensor T will be introduced to include con-
tributions from the gravitational field. A weak-field approximation is taken by introducing

h* as

Guw = Nw + ’ihul/;
g = o —kh" 4+ /ﬁQh’“""hZ + ...,
2
K
lg| = —det(gw) =1+ rh— 5(1#”@,, —h)+..., (4.34)
where the radiation can be calculated perturbatively in powers of k and h = hf. To lowest or-
der, the weak-field approximation gives a linearized wave equation, except the D’Alembertian
operator does not simply act on h,,. Textbook presentations of gravitational waves often

focus on linearized gravity [222], which introduces the trace-reversed metric,

- 1
Py = Py — §th= (4.35)

and find that Or* = —5TH". However, this equation is only an approximation of gen-
eral relativity and does not pick up the nonlinear aspects. Post-Newtonian approximation

methods [103, 138] often use a harmonic gravitational field or harmonic metric
rh =0 = \/lglg", (4.36)

which is subject to the harmonic gauge condition auiz‘“’ = 0. In terms of relating h* and

B,
b — i = gl (1 — b+ O() = (1= v/Igl) 0 + v/ Igleh™ + O(R2), ~ (4.37)

and the lowest-order term in A" is given by h*. If an effective energy-momentum pseu-

dotensor T was found to contain contributions from matter and gravitational fields, then
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the following equation of motion can be solved iteratively within the context of the post-
Newtonian approximation

Oh = —%Tﬂ”. (4.38)

Due to the harmonic gauge condition, it is essential that the pseudotensor satisfies 8HT’“’ =
0. The gravitational contributions to the pseudotensor t*” will be found from expanding
Einstein’s field equations. This slightly differs from the common pseudotensor used by
Landau and Lifshitz [103, 222, 232] and is closer to ones used previously by Einstein and

Dirac. The properly conserved pseudotensor is given by
T =T 4t = \/|g|T™ + i, (4.39)

where ##” is conveniently defined to absorb (1 — +/]g])T**. In this section, the algebraic
method of perturbing Einstein’s field equations and iteratively solving for the radiation field
is presented, leaving some technical details of the calculation of #* to Section (A.2). Since
the three-point graviton vertex is derived from the Lagrangian of the full theory, diagrams
can encode how to find higher order field contributions from linearized field solutions. In Sec-
tion (A.3), radiative Feynman rules are provided for the three-point vertices. The Christoffel

symbol I'” , and the Ricci tensor R, are given by

1 o
Fpp,u = égp (gau,u + ga,u,u - g,w,a),

R, = I?,,,—I?

u + 17,07, —T7,, 17, (4.40)

ppsv

After expanding the metric perturbatively in x and applying the gauge condition 0*h,, =

1 bl
Qnuuh 'LL’

K
prj - 5

(hg,u + hﬁ,u - hm/,p - tha(hﬂau + hUu,l/ - huu,a)) + O(H3), (441)
K K2 oo
Rp,y — _§Dhﬁ”’ + 7 [h/ (h/ﬂ/,pO' + hpa,;w _— hUVvltﬂ — th,O’V)

1
+ Nyp o hl)? — Ny ohy? + éhpgvuhp"’y} + O(K%). (4.42)

This gives the Ricci scalar R,

3

1
R = (0" —kh"™)R,, = —gmmﬁ (hp"Dhm + TP gy~ §h“f~“hw,p> +O(K), (4.43)
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Plugging these results into the Einstein-dilaton field equations, Eq. (4.31), gives

HZ

2
+ hyp oy — hypohy)” + §hp07uhp Wt §thDh

K\ 2 K_ = -
<§) T/w = _§th + [hp (hw/,pa + hpa,/w - hw,up - hup,cﬂ/>

— Ny (h”"'DhW + gfLﬂU:AfL,,U,A - %hA”’”hAa7p)} (4.44)
1 K
- (d - 2) (auqbaugb - §nuuap¢8p¢ + 5 (nuuhpaap¢aa¢ - huuap¢8p¢)) + O(K3)7

where all indices have been contracted with the flat spacetime metric 7,,. Some care is
needed, since T*” and T, still are raised and lowered with the full metric g,,. In order to
derive the correct pseudotensor TH in a way that is compatible with these index contraction
conventions, it helps to find G* = RM — % g"" R rather than G,. The lower order term
corresponds to —ng_z’“/, and the rest acts as a piece of the contribution to t*”. Raising the
indices of T* with ¢g" and expanding ¢g"” to include extra terms in h*” and splitting the

O(k?) terms between | a5, and t*|a, gives

U an = 2hpy (RUPV7 A RYOHE — 207 — ppmin) 4 p Ol — 2RO — 2ROk

14 14 log v 4 loa 3 log (o
YN (hp,g _ ha,p) — hP7h,, Y+ {th Uhpe + oo (§hﬂ A P )] :
2\° 1
t"ay = (d—2) (E) <(9“¢>8”¢ . §nuu8p¢ap¢) ’ (4.45)
where
K\ 2 K - K
i pr Y wy Y
(2) T . (Dh + 5t ) (4.46)

The pseudotensor THV can be defined by bringing all terms of order 2 to the other side of

the equation, with the harmonic gauge condition QJ_LW = 0 and Eq. (4.38) satisfied.

The radiative Feynman diagrams separate T into six pieces. Similar to the Yang-Mills
calculation, TH = lg|T" + t* where t"** contains all of the nonlinear field content. The
graviton and dilaton both contribute to each, \/[g|T" = /[g|T"|an + +/]1g|T""|as and
tH = 1| op, + 7| ag. Diagrams (2a), (2b), (2c), (2d), (2e), and (2f) are shown in Fig. (4.2).
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Figure 4.2: (2a) and (2b) correspond to \/|g|T""|an, (2¢) corresponds to #%|ap, (2d) and
(2e) correspond to +/|g|T""|ag, and (2f) corresponds to t*|a4. The sum over all six gives
the radiation pseudotensor source T Wavy lines represent gravitational fields and dashed

lines represent dilaton fields.

Algebraically, the first three diagrams for the pure gravity contributions are

(2a)" + (20)" = /|g|T"|an,
(200" = " |ap =" |an + <1 -V |9|> " | an, (4.47)

while the diagrams with internal dilatons algebraically represent

)™+ (2e)" = V]g[T"|ag,

(2f) = f“”|A¢EtZl;), (4.48)

where the definition of diagrams (2a), (2b), (2d), and (2e) individually are given by expres-

sions similar to Eq. (4.22), except replacing ¢%(7) with v%(7) and g with m,. Furthermore,
since (1 — V| g\) is purely gravitational, t*|a4 = | 4.
Similar to the previous section, the position of the particle is given by

ah (1) = bt + vhT + 2H(7), (4.49)

where now 2#(7) is the correction due to the graviton and dilaton. The Christoffel symbol
7



can be used to find the force on each particle, giving

d*z1(7)
Mmagra

= —I", maqugvf,. (4.50)
Ah

The equation of motion utilized for the dilaton is

d*zH(7)

Mg 072 = MaVa 0" PUL. (4.51)

Ag

While this equation differs slightly from Ref. [92], both of our total pseudotensors agree and
are the physical object that satisfies the gauge-invariant Ward identity. With the equations

of motions for the deflections, the four diagrams associated with +/|g|T*" are proportional

)
Ah

to

m

N
4 dz
v o tk-(ba4vaT) «
(2a)" (k) = 31 ma/dTe (_dT

N
(20)" (k) = Zma/dTeik'(ba”aT)ikz-za(T)|Ahvng,
a=1

vl + vk dza(7)
AR dr

N ‘ i .
(2d),u1/(k) _ Zma/dTezk-(ba—l—vaT) dZa(T) UZ‘i‘ Ugdza(T) 7
prt dr Ad dr Ad
N
o) = 3 ma / dret Oatvam) ik o (1) a0t (4.52)
a=1

However, for the purposes of confirming the validity of the radiative double copy to leading

order, it is simple enough to calculate \/|g|T*" as a whole algebraically.

Continuing with the algebraic derivation, the lowest-order solutions can be found, which
give the deflections and the radiation field iteratively. These are found from the lowest order

of the energy-momentum tensor,

N

T"”(k)|@(,£0) = Z Mae™®b (21)5(k - vy vl VY. (4.53)

a=1

This source can be used to find the fields A*” and ¢ to lowest order, giving

K N efil'(ff*ba) nuu
W (@)low = 5 ) Ma /Z(Qﬂ)5(va~l)l—2 (vaZ - m),

s@lows = =5 () > [ematv) (4.54)



Plugging the lowest-order field solutions into the deflections gives

d*zH(7) Ko 2 / o—ils-(z—b)
< = (= mg (271')(5([[3 : U,B>—
dr? |A, (2) ;} s l?}
2k - v, ) 1
P24(r i ey o
2= 5 (5) me [ ey (455)
A Ba o 5

The corrections to the position are useful for finding /|g|T"" (k)|o(x2),

N
- dz"(7) dz¥(T)
T (k) = N d ik-(bat+vaT+za(T)) I o v «a
Vgl (k) ;m / Te vh+ =) (vl =)

N
. d 1% d v
VAT (R)low) = Y ma / dreik(batrar) [k+d—+d—] (4.56)

a=1

Separating the gravity and dilaton contributions gives

2
VI Wlan = (5) S mams [ ol
a#B alp

k'Uﬁ 2 lgk? 2 1
po? (20, _ : -
X {vava( Va vﬁk-va+d—2 e ((va vg) d—2>)
1 1 y y
o ((Ua'vﬁ)2—m> (Uﬁl/fr“alg)}’

VI ®lse = 5 (5) Smams [ sl

— 204 - vg (VUG + vgvh) +

a#p lasls
v lB i k 1 v v
X {—vgva ((k; : Ua)2> + o o (VA1 + valg)} : (4.57)
Adding the two contributions,
N
/ uv K\ 2 2
|g|T |(9(g2) = - (§> Zmamﬂ Ma,ﬁ(k)la
=T
(Vo - v5)? k- vg 2
Kot k-lg—2v,- —
X |:’Uoﬂ)a ( (]i] . Ua)Q B v U’Bk' " (d — 2)
)2
+ 204 - vg(vhvg + vavl) — (VAL + vglg)%] : (4.58)

Next, the pseudotensor contribution from fields t* is calculated from the lowest-order

field solutions, as they will multiply and contract together to give higher order corrections.
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Starting with /|, the diagram is calculated algebraically in Section (A.2) and also by the

radiative Feynman rules outlined in Section (A.3), which found

N
~ K\ 2 12
Wl = (5) Smara [ maalw) 2ot (00 - 225 (4.59)
a=1 lalp -
7o
+ (vhvg + vivg) (vg - vg — k- vk - vg) — 2 (V1% + 041%) (v - vk - vg)

1 12 1
+ 1518 ((va -vg)? — m) + 0" (k “Vak - VgUa - Vg — Ea ((Ua +vg)” = m))} '

Similarly, the radiative Feynman rules for diagram (2f) agree with the algebraic expression

for Eq. (4.48), giving

N
1 K\ 2 la . lﬁ
uv _ v % uv
" (k)| ag =) (2> 321 MaMg /la,zﬂ fap(k) [ IG5 +n —5 ] ) (4.60)
BFa

Summing the diagrams gives the energy-momentum pseudotensor source for radiation,

N
. K\ 2 Pug-vg  12(ve-vg)%k -1
pyo i Wo v 3 2 . oo B _ Ja\To B B
T <2) C?:l mameg /la,lg Uoz,ﬁ(k;) |:’Ua1)a (Q(k 'Uﬁ) + 2k vg k-, (k ] Ua)2 )
BFa

o, -
— (vhvh + vl (Iva - v + k- vak - vg) — (VALL 4+ 04l ) (va - vp) (% + 2k - 05)

o, -
+ 11 (Ve - v5)? + 0™ (Ve - V5) (% + k- v,k - Uﬁ):| . (4.61)

In order to find the radiation field from the source,

- —1 /K dw ;s
224 [ 7wty
h(@) = — (3) / Soe T (k) (4.62)

where k* = w(1,Z/r). This result agrees with Ref. [92]. Note that the gravitational polariza-

tion tensor €, can be contracted with h* = k" — ﬁn‘“’ﬁ. This allows further equivalent

o

2 in the radiative limit. Next,

manipulations, since the harmonic gauge forces k,e"” = %kz”e

we show that taking the double copy of Yang-Mills agrees with this result above.

4.2.3 The Radiative Double Copy

Radiation in general relativity coupled to a dilaton can be acquired by applying the radiative

double copy to the Yang-Mills results found previously. The double-copy replacement rules
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are

= pl,
— —1 n
g _ — 5
Zm%d1 2)/2 2
- rajasa 1 | 28% 1% viv v vav. v
ifres = =g (" @ = g)” 0" e — @)™ 0 (e — a2)™),
JrUE) = TH(E), (4.63)

where the momenta ¢; + g2 + ¢3 = 0. Similar to the Ward identity k;uj““ = 0, we can shift
TH by terms proportional to either k* or k¥, such that kMT’“’ — k, 7" = 0, which shifts the

gauge-dependent pseudotensor into the harmonic gauge.

The double copy relates field components of two Yang-Mills fields A#* to the symmetric
gravitational field h*¥, an antisymmetric tensor field B*| and a scalar/dilaton ¢. To find the
gravitational field from T“”, it helps to put it in a form that is manifestly symmetric. While
it is straightforward to find the gravitational radiation, the only setback is to recognize that
this will include gravitational radiation that was produced by diagrams with internal dilaton

lines.

Applying the double-copy replacement rules gives

N
™y . mampg
™ (k) - Z 3(d— 2)/2\/11 Na,ﬁ(k)
arp

1 8mp,
§Za
l2 v k-1
X |: {Ua - VUg (k-—yivg — l'u) + k- UQUB k - Uﬁ’l}u}
1
-3 (2k - w0, — 2k - vV + Vo - va(lg — 12)")

l2
X {2k~vgvg+va-vg (k = vZ—lZ) H : (4.64)
* Uy

As this answer does not quite satisfy the analogous Ward identity, this result must shifted

by terms proportional to k* or kY. This shift results in sending lg — (Ig = 14)*/2 in the
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above expression, giving

N

My _ MaMp

(k) = Z—Smg(d e
astp

f7a

1
x{ {va-vﬁ (: i “—§(Z5—la)“)+k‘-vavg—k-vﬁv§}
1
2

(2k: vl — 2k - v UG 4 va - vs(lg — 1a)")

l2
X {2k~vgv’;—|—va - Vg (k O‘U vg—lg) }} . (4.65)

Further simplification and symmetrization in g and v gives

N
Ay _ MaMpg
™ (k) = Zw/” fa (k)
astpg

a=1 8 Pl
Ba

2
v Vo * Vg Vo = Up
x[vgva<(k.va) lik‘-l/g—Qk‘valik-vg—Q(k-vﬁ)z)

1
+ (vhvf + vgv) (k- vak - vg 4 v - vl2) + §l§(l5 — 1) (Vg - vg)?

1 (vg - vg)?
— (05 — L) + V5l — o)) <UQ vgk - vg + 2(“]6—”5)@)]. (4.66)

It is straightforward to show that this correctly satisfies kuf“” = k,T" = 0 after considering
that terms antisymmetric in o and  will cancel. The radiative double copy can find the same
result as Eq. (4.61), once considering that the gauge condition allows for various equivalent
representations of the gravitational source 7. Due to the fact that k* = n+ lg and
the harmonic gauge condition gives k, e = %k”eg, the sources and fields may allow for
substitutions such as vhk" — %n‘“’kz - V. Such transformations do not change the physical
content of the gravitational radiation, which can be used on Eq. (4.61) to agree with the

result above.

4.2.4 Double Copy of Ghost Fields to Remove the Dilaton

A non-Abelian scalar field can be added to the Yang-Mills radiation field construction, and
Ref. [139] found that ghost fields can be used to remove the dilaton. With the appropriate

replacement rules, we show that analogous ghost fields can be used in the double copy to
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remove the dilaton in gravity theories. A ghost contribution to the Lagrangian would be
given by
Eghost = _<d - Q)auéaD'uCa, (467)

where the (d — 2) normalization was chosen to agree with the dilaton normalization on the
gravitational side. While we will not derive a solution to the ghost-field equation of motion,
we find an ansatz for a solution that when utilizing the Feynman rules for ghost fields,

removes the dilaton in the radiative double copy procedure.

For typical scattering processes, ghosts are needed for loop corrections involving fermions,
so it might be surprising that ghosts could be used at all for classical radiation. However,
the classical radiation formulas integrate over [, and /g, which are not associated with loop
quantum corrections, but will take a similar interpretation to loop integrals in scattering
amplitudes due to the worldline parametrization. An ansatz for the ghost field solution is

given by
e—zla (z—ba)

C*(x) Z o / (27)8(ly - vg) o (4.68)
where the color charge ¢;, must be used instead of the matter color charge 2. The primary
motivation of this solution is that simple replacement rules can be found to properly remove

the dilaton at leading order.

The ghost field contribution to gluon radiation comes in two pieces associated with differ-
ent diagrams. The first is from ghosts ability to cause apparent deflection from the sources

v and c2. Assuming a shift in z# and c? by C* gives

d?zH(T) 1 o a
W e = \/—CC’ 3 C
dc® (7.) fabc
— = . C6, 4.69
At |Ac \/— (4.69)

where c¢,_is a color charge that will have a double-copy replacement rule specified below.
These shifts create corrections to J#*, which is in general given by

i

d
J* Ac :g/dre (batvar) <zk Zo|acvhiclt + di
-

CZ + UZ(_ZZ|A0> . (470)
AC

83



After plugging in for the shifts associated with the ghosts, we find

JHUE) ac = (v“ et cf, —l”caclév cﬁ’ﬁ)] :

(4.71)

(k- v4)? Va‘a k- v,

There is also a ghost-antighost-vector boson interaction, which has a three-point vertex
given by

Vi = —igf "y (4.72)

The potential field for a trivial ghost emission source can be used to stitch two copies together,

corresponding to particles a and f3, respectively. The gluonic radiation current contribution

gHe = Jra _ Jua specifically for ghosts is

;2

- pa _ tg abc b c
7" ac = d_ng / a5 ()l cf 1. (4.73)

a8 Ll

Adding these two contributions together gives

2

A(Z g
Fmlse = 2530 [ st
ap lals

kl, 2ot
x [F kCavlﬂ (k'v Vhet 4 e )—@fabc b oo (kévj —lg)] . (4.74)

Under the double-copy procedure for the ghost, the replacement rule for fe¢ becomes

linearized to a single term instead of three, since the resulting field will be a scalar dilaton.
To this order, all terms are proportion For the ghost-dilaton correspondence, the following

replacement rules were found to apply:

o = 1

e (o)

> £abc 1 129X % 1%
i =S - @),

ll/
& - cg:—é, (4.75)

which can be used to find

TMV(k)|AC = ﬁ(gyz:mamﬁ/
a#B

laslp

s (R) [Z% ot + S
’ V)2 k-

L lg—1.)") | 12 Cal3 CrIg 4.76
+§(77P0'<ﬁ_ 01)) amva_ a'Bla ) ( : )
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where in our substitution, we chose ¢; = —k, ¢2 = [, and g3 = lg. By sending lg — (lg—la)"/2

to preserve the Ward identity, we find

- 1 K\ 2
7 h)se = — (5) Zmamﬁ/” o (K)Ca - 1 (4.77)
a#fB wlp
k-1l 2 1 1 1
2~ 2 oty 4 2 lg — 1) + = (lg = 1) | 12 F—1r ).
X[a(k‘va)2vava+2k-va(ﬁ 04) Ua+2(5 Oé) <ak‘vava a>:|

Simplifying further gives

S 1 K\ 2
T+ (k)‘AC = m (5) Zmamg/l ) ,Ua,ﬁ(k>0a'l5
a#pB @

« l2 k- lOé [T lgz ( LY 4 Vlu) + lgz ey L (4 78)
— vk, — v v = : .
a(k_va)gaa k'va [e’Aye [e'Rge) 277 a o
Setting C, - l3 = —1 gives the exact contribution that cancels out the dilaton contribution

to gravitational radiation. As pointed out by Ref. [139], it is unclear if this construction will
work at higher orders, but the dilaton can at least be removed with ghosts at this order. This
section demonstrates that ghosts also can be used to remove the dilaton in the formalism of

Goldberger and Ridgway [92].

4.3 Radiation in Yang-Mills-Biadjoint-Scalar Theory

In the context of scattering amplitudes, the double-copy method has been used to calculate
Einstein-Yang-Mills theory by double copying Yang-Mills with a Yang-Mills-biadjoint-scalar

theory. Just as the Yang-Mills field A, is related to h,,, a biadjoint scalar with trivalent

ma
interactions ®% is related to a Yang-Mills field A%, where a and a are indices for two different

gauge groups.

In this section, the non-Abelian radiation field for Yang-Mills-biadjoint-scalar field theory
is computed and the radiative double copy is used to find gravitational radiation solutions
in Einstein-Yang-Mills theory. In the next section, the gravitational radiation emitted in
Einstein-Yang-Mills theory is calculated directly and shown to agree with this section, pro-
viding more evidence that color-kinematics duality is useful for understanding the relation
between gauge theories and gravity for classical radiation problems in addition to scattering

amplitudes in effective quantum field theories.
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4.3.1 Equations of Motion and Initial Conditions

To start, the Lagrangian associated with the Yang-Mills-biadjoint-scalar theory is

1 a va 1 aa aa ) abe abé g aa g,bb & éc a pa aa §aa
£:—ZFWF“ +§Duc1> DFd —gfbbeD PP — g JHUAL — yJ DM (4.79)

where £ and f refer to structure constants of different groups, the biadjoint scalar ®@
has an index associated with each gauge group, and y = —igg/2 relates the conventions of
Ref. [72] with the conventions of Refs. [130, 134]. In principle, there could be an O(®?)
term in the Lagrangian, but this would have a different dimensional coupling and will not
be needed. The non-Abelian field strength is given by Eq. (4.2) and the covariant derivative
is given by

D, 0" (z) = 0,9 (x) — g " A} (2)0" (). (4.80)

The equations of motion in vacuum is found by applying the Euler-Lagrange equations.
For the vector boson,

D, F"(z) — g @™ (z) D" ®%(z) = 0, (4.81)

and for the biadjoint scalar,
0D (x) — g [ AL (2) DM () — y ™ FEQM (@)D (w) =0, (4.82)

where 2% and f ab are structure constants in two different gauge groups. To study radiation,
an adjoint vector source J**(x) and a biadjoint scalar source J%(z) can be added. For the

vector boson, we have
D, F"™(z) — gf**®™ (1) D" ®%(z) = J"*(x). (4.83)
The equation of motion for the biadjoint scalar field in the presence of a source J%(x) is
0, D0 () — g AL () DF O™ () — y f fPEDM (1) D% () = ™ (). (4.84)
The biadjoint source J%(x) for N particles is

Jom) =33 / A7 ()¢ ()0 — 20 (7)), (4.85)
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where it is assumed that the particles of mass m,, travel along the trajectories given by ()
and the color charges ¢ and 2 are in two different gauge groups. Similarly, the vector field

is sourced by
T z) =g / drc (7)o (1) 2 — xa(7)), (4.86)

n
dxh,

where vf = <.

The vector source is covariantly conserved, such that D,J** = 0.

The Lorenz gauge is taken by setting 9, A** = 0. In order to simplify these equations,
the explicit dependence on the covariant derivatives is removed and gauge dependent sources
Jre and J% are defined such that A (z) = J#(x) and O®% = J4 where O = 9,0".

With these definitions, the pseudo-vector source is
jua — JHa + gfabc [Al;(azzAuc + Fllp,c) 4 q)&bDMCI)aC} ’ (487)

where the pseudo-vector is locally conserved, 8Mj““ = 0. The pseudo-scalar source is given

by
Jjaa _ jaa 4 gfobe AZ (auq)dc + DM(I)&C) 4 b (%faéaq)ec + gfcde®5d(b&e):| ’ (4.88)
Specifying the initial conditions, the position of each particle is
xh (1) = bt +vhT + 28 (1) + ZH(7), (4.89)

where z#(7) is the correction to the trajectory due to the adjoint vector field and Z# is the

correction to the trajectory due to the biadjoint scalar field. Similarly, the charges are given

by

(1) = &+ (T) + (),

A(r) = &4 &(r), (4.90)

where ¢? and ¢ are the initial charges, ¢ (7) is the correction due to the adjoint vector field,

and ¢%(7) and ¢%(7) are the corrections due to the biadjoint scalar field.

The additional deflections needed for Yang-Mills-biadjoint-scalar theory are z¥, ¢, and

¢ . Following Ref. [134], the time evolution of the momentum is

dph(7)
dr

= gea(T) P (00 (7)) Vay (T) — Y0 @™ (za(T))ca (7)o (7), (4.91)
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and the time evolution of the charges is

alT) g eut () AL o (7)) () — 00 (7)) () (),
Tall) o g (7)) (1) ) (4.92)

These summarize all of the equations needed to iteratively solve for radiation in Yang-Mills-

biadjoint-scalar theory.

4.3.2 Solutions of the Radiation Fields

The radiation field source for Yang-Mills is given by Eq. (4.27), so all that is needed are the
biadjoint scalar contributions. The pseudoscalar current in momentum space is

T4 (k) o —yZe’k ba (2m)8(k - va) el (4.93)

a=1

which can be utilized to find the scalar field to lowest order, giving

—zl (z—ba)

T)|ow!) = —yZ/QW (1 va) — ¢

The lowest-order fields can be used to find the deflections of the sources, given by

C

(4.94)

a
o

o &

d*24(7) " v Lo
Ma dr2 = 9% (aMA (xa(T))‘O(gl) — 0" A" (xa(T))k')(gl)) Vav,
AA
d?zH(r - -
a dag : = —y0"®"(wa(T))o)Cala- (4.95)
7 lae

The derivatives of the lowest-order fields acting on the particle associated with m,, are

i gva B et (x—bg)
(@)|ogy = —92/271' (1 vg)( Zl”) 2 ——VjC5,
BFo
~ —zl (z—bg) .
" ()]0 = —yZ/QW (L-vg)( zl“) B chel. (4.96)
B#a

Plugging in the derivatives of the lowest-order fields from above gives

d22’5 7_) e—z’l~(baﬁ+va7
Ma— g = g Z o ch / 6(1 - ?)B)Z—Q [(Va - )" = (va - Dvg]
™ o) B#a
dQEZ(T) A eiil‘(baﬁwﬂ)
g = —iy Z CaC3)Co B/ )6(l~v5)l—2l“. (4.97)
O(y?) B#a
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Figure 4.3: The diagrams (3a) and (3b) represent J"*|a¢ and (3c) represents j#*|ae. Dou-

bly-dashed lines represent biadjoint scalars and curly lines are used for Yang-Mills fields.

Note that writing the color charge contraction as ¢, - ¢g would be ambiguous with our

notation. The first correction of the color charges to second order in g is given by

dEZ(T) abc b c

dr = gf UgA,u('xOé<7—>> ’O(gl)com

0(g?)

dée ' i
WaT oy et () o i,

AT o
dc? I N

Ca (T> — _yfabc(bbb($a<7)) IO(y)CZCZ- (498)
dr O(y?)

Once again, plugging in the lowest-order fields gives

deg (1) abe et baptrar)
— = —g Zf b cﬁc (Vg - vg)/l(QW)5(l ‘ U,B>l—2’

0O(9?) B+a
~a —il-(bag+vaT)
dc;—(T) =y Zf“bccﬁc c cﬂ /(2#)5(l-vﬁ)el—2,
T low?) B2a
dé;:(T) abé e_il‘(baﬁ—"_vo‘ﬂ
—g =y Zf cﬁc /l(27r)5(l . vg)l—2. (4.99)

O(y?) BF#a

To find the gluon radiation, three additional diagrams shown in Fig. (4.3) are added to
the three pure Yang-Mills diagrams shown in Fig. (4.1). In principle, there are also diagrams
for biadjoint scalar radiation, but they double copy to give Yang-Mills radiation in Einstein-
Yang-Mills theory, not gravitational radiation. Diagrams (1a)—(3c) represent J** and satisfy
the Ward identity l{;ﬂj““(k:) = 0. Since Yang-Mills radiation without the biadjoint scalar is

gauge invariant, (1d) + (1e) + (1f) also satisfies the Ward identity and is orthogonal to k*.

Expanding Eqs. (4.85)-(4.86) perturbatively by adding in the deflections due to the

lowest-order fields, taking the Fourier transform, and integrating over the delta function
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gives

T =g / dreitaa ) ( o+ ZED digf)) (¢ 4+ () +a(r),  (4100)

Expanding these results gives

N
. dzt
J““(k) ~ g} :/dTezk-(ba+UaT) [(1 + 1k - ga) ((1 + ik - Za)cgvéf + <C Uu + ca%>)
a=1

dzt dzt dz=#
1 H @ —ase @
+ (1 + ik - 2z,) <c vh + ¢ o ) +— Gt d } ; (4.101)

where explicit 7 dependence has been suppressed and terms to order ¢®y? are included. The

O(g*) term was computed previously, and J#*|p g2 gives

N A s
JHYK) o) = 9 Z / drett (batvar) [zk - Zo(T) o vl 4+ E(T)ul + cgdzg—f)} . (4.102)

Integrating Eqgs. (4.97) and (4.99) helps solve for J#**|pe to lowest order, giving

bb
- c k-1l
Jha — A2l o a-B l,u_ va, —i abccbccvu )
( IOgy gy § aﬂ/lalﬁuﬁ kf’l}a[ a(ﬁ L.-v. @ f a“BYa
,87&04

«

(4.103)

One more diagram (3c) is needed to obtain the non-Abelian radiation source for Yang-

Mills-biadjoint-scalar theory, which is given by j#*|xe to lowest order,

P = 9™ [ st 6 (@) Dre ()
= / d'ze™ T (1) 0345 0" D ()| 0(49). (4.104)

Once again, the lowest-order field solutions are plugged in to find

( )|0(gy2) =9y szabccb Cﬂcgcg/l l l‘a,ﬁ(k)lga (4105)
aslp
ﬂ#a
To prove that the algebraic method presented above agrees with the radiative Feynman rules,

diagram (3c) is computed in Section (A.3) from the three-point vertex with two biadjoint

scalars and one adjoint vector.
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Summing up the three diagrams (3a)—(3c) gives j”“(k)\o(gyz),

N
T X T
g
caCy lach (k1o po_ e s o [l L
o va k,vava—lﬁ +if " mva—la (4.106)

The radiative field must be gauge invariant and the above expression satisfies the Ward iden-
tity kuj““(k)](g(gyz) = 0, as the identity must be satisfied order by order. Adding the above
contributions to Eq. (4.27) gives the total source, Jra, Integrating this over all frequencies

as shown in Eq. (4.28) includes the biadjoint-scalar contribution to vector boson radiation.

4.4 Gravitational Radiation in Einstein-Yang-Mills Theory

4.4.1 Equations of Motion and Initial Conditions

The action for the Einstein-Yang-Mills-scalar theory in consideration is
S— [dley=g|-2R—Lgegori pi L 2 (1 _2)g70,00 dre?, (4.107
- X _g _? - Zg g urs po + ?( - )g /L¢ V¢ —m TE ) ( : )

where ¢ is the dilaton field and d7 = /g, dz*dx”. By varying the action above, the energy-
momentum pseudotensor contributions from the Yang-Mills field and the dilaton are given

by

1 M| R
81GT, = Ry — §gWR + 817G (gp"F;ijfa — Zgu,,g”"g’\TFg/\FgT)

1
—(d-2) (M&/d) - §gwgp“8p¢8g¢) : (4.108)

After expanding, the Yang-Mills contribution to the pseudotensor is

apva L i i s rwos 1 1 o
tW‘AA — _FupaFl//)a_i_ Znupran;U — K (hPUFupaFuaa . §7lwhponmFi ay Z_1hm/FpaaF;U) :

(4.109)
where the first two terms give the non-Abelian extension of the well-known electromagnetic
energy-momentum tensor, and the other terms represent interactions between the Yang-Mills

field and the gravitational field.
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B B B
(4a) (4b) (4c)

Figure 4.4: Diagrams (4a) and (4b) correspond to \/|g|T"|a4 and diagram (4c) corresponds
to t"“|a4. The curly lines represent Yang-Mills fields and the wavy lines represent gravita-

tional fields.

In addition to the six diagrams found in Fig. (4.2), three additional diagrams (4a), (4b),
and (4c) are shown in Fig. (4.4), which contribute to gravitational radiation for Einstein-
Yang-Mills theory. Keeping the lower order term of the non-Abelian energy-momentum

tensor gives

v a v a 1 v oa a
B an = —FIPES 4 PR (4.110)

Similar to the previous section, we will assume that the position of the particle is given
by
2 () = by + vaT + 25(7) + Z4(7), (4.111)

where z#(7) is the correction due to the graviton and dilaton already computed, and Z¥(7)

is the correction due to the gauge field A*@. The matter is assumed to have a color charge

(1), but their corrections do not source the lowest-order gravitational radiation field. The

force due to the gauge field is

d*zh(T)
dr?

= Gei FM %4, (7). (4.112)

Me

4.4.2 Solutions of the Radiation Fields

Reusing a result from a previous section to find AZ gives

efil~(xfba)

N
AF(2)] o) = —§Z/l(27f)5(l ) ey e (4.113)
a=1
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The deflection caused by Yang-Mills is given by

d?zH(T)

dr?

= G FM i, (T). (4.114)

Me

Plugging the lowest-order field solution into the deflection gives

250
d-z¢
dr?

o CZCZL e_Zl (baptvaT)
=Y 2% fomatt ) T (e = (vet] . (4115)
0(g?) B#a @ VI

Focusing on the energy-momentum tensor +/|g|T*",

N ~ ~
- dzt(1)  dzZH(T) dzt(t)  dzZX(T)
THY — N d ik-za(T) I o o v o @ )
N e e G

(4.116)

The corrections to the position are useful for finding \/|g|T""|a4, given by

dz* dz¥
Vgl (k) m—Zma [areeeren iz + E Dy B0 )

Similar to the previous section, corrections from the gravitational, dilaton, gauge fields can

be separated. The deflection z¥ contributes to the source by

VT (k)| = ~2ch‘cd/ (k) L vM vy - k-l —k v

g AL = g pa a“B la,lﬁuaﬁ k-, aa o 'Bl{} B
B#a

+ (i + vl (k - va) — (VALG 4+ 04515) (va - vg)] - (4.118)

When calculated algebraically from Eq. (4.110), the diagram with internal gauge bosons

gives
al 1
#"(k)|aa = §° E cic%/l l fa,p(k) {5 (vhvh + vivh) 1o - g (4.119)
a=1 astf
B#a

1
+ (VA1 + ol ) k- vg — B, - vg — 577“” (k- vk - v 4 Vg - vl4 - 1)

Calculated in Section (A.3), the radiative Feynman rules for the Einstein-Yang-Mills three-
point vertex diagram are shown to agree with the algebraic result above. Similar to the

dilaton, f’“’|AA = t"| a4, as the difference between t" and tHv only depends on the gravita-
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tional field h*”, not A*®. Adding /|g|T"|aa and 1|4 gives

_ kls  kevs) , 1
T |ogey = o o — l K Yol (4.120
o ngww et (v vagp s~ Y B L ) (120
B

12 o
SwT— (—B

1
. — M, - vg — =" (K - . 20, -
ko +k /Uﬁ) IBlEva - vg 5" (k- vak - vg + 2vg - vg)

Adding this result to T‘“’]o(,{z), calculated in Eq. (4.61), gives the total source for grav-

itational radiation for Einstein-Yang-Mills theory. Next, we show that this result agrees

precisely with what is found with the radiative double-copy method.

4.4.3 The Radiative Double Copy

In order to use the double copy to find gravitational radiation in Einstein-Yang-Mills theory,
the same replacement rules used for general relativity may be used with the radiation found in
Yang-Mills-biadjoint-scalar theory. Applying the double copy replacement rules in Eq. (4.63)
to Eq. (4.106) in addition to sending y — § gives

o Pol (k-1
v _ 2 a a ,3
TM mamgcacﬁ /l\a,lg Hap(k) |:Ua U’gk o (k o vt l“)
5#06

1 12
— 5 (2]{3 . Uﬁl); — 2k - UQUE + Vg ¢ Uﬁ(lﬁ — la)y) (k} = UZ — lg>:| (4121)
. U(X

Shifting Iy — (Is — la)"/2 gives the gauge invariant s

T (Blog) = 3 Zmamgcicz | st

Lol
ﬁ#a
ot (kelg 1
——(lg—1
x{va vﬁk Vg (k: Uav 2(’3 ))

1 2
= 5 (2K vgvl = 2k vavf + va - vs(ls — 1)) (k - zg)}mm)

./l]a
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Symmetrizing this result gives the appropriate final expression for T+,

N
- o (K2 i a
574 o
v k ’ U5 Vo * Uﬁ 2 1 v v, \72
X [vg‘va (k e (k- va)2k . lﬂ) Iz — 5(@505 + vav)la

o’ ]_
(et o2tt) (SR b ey ) o )+ 5 e 0)

where the gauge condition allows for v#k” = %n“”k - V. This result agrees precisely with
what was found in Eq. (4.120), demonstrating that the radiative double copy holds for

Einstein-Yang-Mills theory.

4.4.4 Einstein-Maxwell Theory

Since it is more physically relevant to scatter massive point particles with electric charge
rather than particles with weak-isospin or color, an Abelian U(1) gauge symmetry is also

worth studying. The action for fields in Einstein-Maxwell theory is

2 1
— d vo
S = /d zv/|9| (__HQR_ Zg“pg F#,,Fpg) . (4.123)

When comparing with Einstein-Yang-Mills theory, the Maxwell field A* can be recovered
from a single component of the Yang-Mills field A#%. In order to find results in Einstein-
Maxwell theory from Einstein-Yang-Mills theory, care must be taken with the coupling con-

stants. For exampe, the Maxwell current density for point particles is given by

Jx) =€ o / Ao (1)6% @ — 24 (7)), (4.124)

where g, = —1 for electrons, such that eq, represents the electric charge of particle a.
In order to recover Einstein-Maxwell theory from Einstein-Yang-Mills, one must substitute
g — e and ¢ — q,, given our conventions for § and the normalization of the Lagrangian
given in Eq. (4.107). Applying these substitutions to Eq. (4.120) would give gravitational

radiation in Einstein-Maxwell theory. At higher orders, 3¢ would be sent to zero as well.

In terms of the radiative double copy, an adjoint scalar field ®* could also be seen as

a single component of the biadjoint scalar feld ®3*. Results for Yang-Mills-adjoint-scalar
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theory can easily be found from Eq. (4.106) by properly sending ¢ — ¢, and reinterpreting
y as the coupling constant of the adjoint scalar theory. It is straightforward to see that the
double copy of Yang-Mills-adjoint-scalar theory gives solutions in Einstein-Maxwell theory

with the replacement rules shown in Eq. (4.63) and y — e.
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CHAPTER 5

Conclusions

This thesis explores methods in quantum scattering amplitudes and classical radiation solu-
tions. In particular, the BCJ relations are connected to color-kinematics duality in scattering
amplitudes, which becomes evident when factoring the amplitude in to color and kinematic
numerators. Chapter 2 applies the tree-level BCJ relations to give loop-level integral coef-
ficient relations. The double copy refers to replacing the non-Abelian charge factor with a
kinematic one, which allows for solutions in gravity theories to be found from solutions in

gauge theories.

To bridge the gap between quantum scattering amplitudes and classical radiation field
solutions, Chapter 3 introduced the study of gravitational waves in linearized gravity. In the
pursuit of a radiative double copy, the Lienard-Wiechert potentials of electrodynamics were
studied, which motivates the inclusion of a Lienard-Wiechert metric for linearized gravity.
While the energy-momentum tensor for free particles did not exhibit a double copy with the
electromagnetic current for particles, an effective energy-momentum tensor for interacting
point particles was found. Within the context of the classical double copy for linearized
gravity, this energy-momentum tensor for interacting point particles can be thought of as
a double copy of the electromagnetic current for particles. It was shown that the Lienard-
Wiechert metric of linearized gravity reduces to the quadrupole moment method for point

particles when taking the nonrelativistic limit.

In Chapter 4, the classical double copy for nonlinear theories is investigated. In previous
work, the double copy has been applied to gravitational radiation in general relativity with
a dilaton, which suggested that schematic radiative diagrams may be useful for depicting

sources of radiation [92]. Similarly, it was shown that the same replacement rules can be
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used to find Yang-Mills radiation from biadjoint-scalar radiation [134]. Building off of the
initial work of Goldberger and Ridgway, gravitational radiation produced by colliding color
charges was found within the context of Einstein-Yang-Mills theory. Our results demonstrate
that the double copy can be used to find radiation in Einstein-Yang-Mills theory from Yang-
Mills-biadjoint-scalar theory. Also, scalar ghost fields were introduced to remove the dilaton,
as shown in Ref. [139], except our results were found in a formalism closer to Refs. [92, 134].
All radiation was derived algebraically, which provided insight on how a radiative diagram-
matic scheme closer to Feynman diagrams used for scattering amplitudes may be possible.

Furthermore, radiation in Einstein-Maxwell theory can be found via similar methods.

This thesis suggests that it is possible to develop systematic rules to calculate radiation
to higher orders. In order to apply a diagrammatic scheme, it appears that Feynman rules
for worldline propagators would be needed, in addition to the typical rules used for scattering
amplitudes. A radiative double copy to higher orders may be possible, which would provide

new calculational tools for precision gravitational wave emission processes.

In future work, it would be interesting to investigate if the radiative double copy holds
for higher orders, as the precise replacement rules are not yet known. Additional efforts to
perform the integrals are also needed. Studying the formation of bound states at higher
orders would also be important [135]. Initial conditions with angular momentum could also
be considered. The gravitational interactions between the quantized spin of Dirac particles
would also be an interesting theoretical challenge, while considering the scattering of macro-
scopic mass distributions with classical angular momentum would be more applicable for

experiments such as LIGO.
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APPENDIX A

Additional Details of Nonlinear Radiation

A.1 Conventions for Yang-Mills-Biadjoint-Scalar Theory

In this section, the conventions used for Yang-Mills-biadjoint-scalar theory are provided.

The non-Abelian field strength can be defined up to a sign s; as

Fo = 0,A% — 9,A% + 519 f ™ AL AS (A1)

s

where Peskin and Schroeder and Chiodaroli et al. choose s; = +1 [73, 233]. The vacuum
equations for Yang-Mills are typically D*Fj, = 0. By varying the Lagrangian, we find that

this equation of motion is satisfied when

DMFS, = 0"Fy, + s1gf™ AP Fy,, (A.2)
where Goldberger and Ridgway have chosen s; = —1 [92]. Finally, the vector current Jj; can

be added as a source to the vacuum equations, such that
D, F"* = 59 M, (A.3)

where Goldberger and Ridgway choose s, = 41, while some other sources choose ¢ = —1.

Finally, different authors choose a different sign convention for the D’Alebertian operator,
O = s30,0", (A.4)

where Goldberger and Ridgway choose s3 = 41, a common choice with this metric.

In summary, Goldberger and Ridgway [92] choose conventions such that (si,ss,s3) =
(=1,41,+1), and we use these conventions in order to not add any minus signs in the

radiative double copy replacement rules. The only major difference in our conventions is
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that a factor of x is taken out of h,,, such that g, = 7, + kh,,. To keep the same

replacement rules, g is absorbed into J#¢, such that D, F** = J"* instead of gJ".

A.2 Derivation of Gravitational Radiation from Pseudotensor

In this section, the steps for deriving the gravitational radiation coming from nonlinear
gravitational interactions are provided. In Section (4.4), Einstein’s field equations to first

order for weak gravitational fields was found to be
— K ~
OptY = —— (TH 4t A5

where the energy-momentum pseudotensor T# = T + t# = | /|g|T* + {" contains the
nonlinear corrections to the linearized field equations, such that the purely gravitational

component of the pseudotensor t#” is given by Eq. (4.45)

tY = 2Ry (RHPVT 4 RO — pPT — pPoi)y  pRYOR — 2RPEIRY — 20P0RE (ALG)

3
— 2077 (hY = hY ) — BP7FRY 4 [Qh””[lhpg + Npo <§hm — h"*"’)} .

In order to solve for this, the lowest-order solution of the gravitational field is used

. K N e—ila~(x—ba) , nuy
h* (x) = B Zma/l (2m)0(lg - va)l—2 (vgva T 2) : (A.7)
a=1 o @

which gives rise to a source for the nonlinear gravitational interaction via t*. Each term in
t* is second order in h*¥, so one is related to particle a and another to particle 3, giving a

double sum. The summation and integrals on all terms will have the following form
N
K 2
= <§) Zmamg/ fa,p(k) 1M, (A.8)
a= laslp
§7a
where I is the integrand containing many terms. For the integrand, focusing on the

(vhv? —nt /(d — 2)) portion of the solution to h*” and manually plug these pieces into
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Eq. (A.6) gives

Hyo _nPU _Jvjo B 77W _Jugp v, o 771/0
1 2 (vgpvga 7 2> [ i <vava 75 B8 vovg -
Qv po 1224 —
R T L=
2 Ui v 2 (v Ui m
et (s - 555 ) (st = 25 ) w2 (0 75 (ot - 25
wp v v
2t (wt = 2 fitso (woma = 725 ) = itao (a50s0 — 755
v o_ N Tpo
+ 1815 (vgva — g 2) (vgpvﬁa - di2)
v o1 po
+nt {—2[2 (vgva — - 2) (Uﬁpv,gg — 7 i 2)

. 7’] - 3 . o npO' o np)\
+ Zlo&\ (Uocpvaa - ﬁ) |:§Zlg (vgvﬁ - m) - Zlﬂ <UZ;U2;\ - m . (Ag)

Distributing these factors and reorganizing all of the terms with the same tensor index

structure gives

212 212 412 + 412 4], -
o vkl <2(k-vﬁ)2— Lo F_ "o 5 _ Aa l’g)

i—2 d—2 d—2  d-2
+ (vhvh + vgvl) (202 (ve - vg) + o - 1s(va - vg) — k - vak - vg)

v v 2k - Vo v v 2k - Va
+ (VRIZ 4+ vlik) (—Q(Ua -vg)k - vg + T2 ) + (vhi5 +valy) ( T )

4 4 2
+ 18107 (—— + 2(vg - U,g)z + d )

(d—2)? Cd—2 " (d-2)?
1 1 1 d
U+ 1) | ——= + = (va - v3)? —
+(aﬂ+aﬁ)((d—m2+2wavm d—2+2u—2y>
2(k - vg)? 22 213 412 2, - ls

o | T e ey (A0

3 2 d
— (9202 + 21 . cvs)? —

lo -1
+<va~vgk~vak'v5+(d_2’g)2>].

Next, the relation k* = I2 + 2l, - lg + 13 = 0 is used to simplify further. The identity

a'ly = a'k” — atly, and the gauge condition of the gravitational field allows for the gauge-

invariant shift a"lj; — %a -kt — atll

o)

since dotting this expression with the polarization
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tensor would give the same radiation amplitude. Making such changes gives

4 2
o vkl (2(1{; cvg)? — g 10‘2) + (vhvg + vavp) (12 (va - vg) — k - vok - v5)

1
200 valk - vatotty + 1522) + 220 (000 - 7 )

d—2

2k -va)?  k-ly . kel

i—2 T3 W) - 5nTo

2(k - vg)? Ik 212 412 2, -1

(k-ve)® 20 M5 Ay 3
2 (d—22 (d—2)2  (d—2)2  (d—2)?
lo - 1

) (o~ 25+ )

o1
+(Ua'vﬁk'vak'vﬂ+(d_2ﬁ)2):|.

By considering that o and 8 are symmetric, all particle labels may be switched for any term,

+ nt

(A.11)

202

(
-
(

—2

d—

L3
2

which allows further simplification to give the final result

472
" o vhol (2(k: cvg)? — - o ) + (vhvg + vgvp) (12 (v - v5) — K - vak - vg)
1
— 2(va - vp)k - v (VAL + vally) + IGLE ((Ua cvg)? — ﬂ)

2 1

e cvgk - vak - vg — = cvg)t——— ). A12
+1 (Ua vk - vak - vp — 5 ((Ua vg)” = 7= 2)) (A.12)
To more easily compare with the diagrammatic method, # is found by adding the lowest-

order term of (1 —/ |g|> TH . where

N
T (x) = Zma/(27r)5(va-la)e_“a'(w_b")vgvg,
a=1 la
h(z) =~ d_QZmﬁ/(%)5(l@'Uﬂ)l—27
B#a % B8
1 2
(1— vlg\> ™~ - (g) > mamg / fhe 5 (k)21 0" 0. (A.13)
- laslp

Adding this to t* gives

: 202
"o vty (2(k cv)? — - _a2) + (00 + 04l (2 (va - vg) — K - vak - vg)
1
— 2(va - vg)k - vg(vily + vglh) + IGIE ((va cvg)? — ﬂ)
?7 @ B o B 2 « ﬁ d _ 2 . .
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As shown in the next section, this result agrees precisely with a diagram involving the three-

point graviton vertex.

A.3 Some Radiative Feynman Rules

A.3.1 Yang-Mills and Biadjoint-Scalar Theory

A Feynman diagram approach can be used to find the results for diagrams (1c) and (3c),
shown in Figs (4.1) and (4.3). We will briefly describe this method, as it could be useful for
organizing higher order corrections. It can also be utilized in conjunction with the algebraic
approach to make sure the results are self-consistent. Expanding the kinetic term of the

Lagrangian, the O(A?) term corresponding to the three-point vector boson interaction is

1
- EL P = <0, AL [ A A (A.15)

This term in the Lagrangian gives the textbook non-Abelian three-point vector boson vertex,

given by

LHeoPe(k, p,q) = gf " (K — ¢ )" + (0" = k"™ + (¢ — p")n™) (A.16)

where Af, is associated with the momentum #, AP is associated with p, and A is associated

with q.

The three-point vertex for two biadjoint scalars and one adjoint vector field can be used
to efficiently calculate a piece radiation, which comes from the kinetic term of the biadjoint

scalar. Focusing on the terms in the Lagrangian to O(®?A),
1 - s s - ~
5(D,ﬁﬂ)a(Dﬂ@b)acsab = gf™5%¢(9,4) AFP D 4 .. (A.17)

Taking the appropriate functional derivatives and properly symmetrizing gives the three-

point vertex for two scalars and one vector, giving

F&a’yb’éc(k,p, C]) — gfabc5aé (ku _ qV) . (A.18)
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The three-point vertices above can be used to find diagrams (1c) and (3c) shown in Figs. (4.1)
and (4.3), giving

a 1 a,v C c
(c)* (k>:5/zz AL (L)o@l "7 (= k, Lo, 15) A5 (15) | o(gr) (2m) 6% (k — Lo — 1g),
astp
a 1 acc cc
()" (k)ZQ/H O™ (1) oy iDL, —k, 15)D%(15) | o) (2) 107 (k — Lo — 1g), (A.19)
astp

where a symmetry factor of 1/2 has been added.

The solutions needed for these diagrams were found in Eqs. (4.13) and (4.94), giving

zla-b
A" (1)o@ = —gz (2m)0(lo - Va) 2 vk,
) N gilaba
() oy = _yz(zw)a(za-ua)l—zcgcg. (A.20)
a=1 «

Plugging in these solutions gives

3
(lo)"(k) = %Zifabccgcg / pa5(k) [=2k - vavl + 2k - a0 + va - vs(ls — )] |

o lasls
gyz be b
a0y = 2 ST i s /l ISR (A.21)
B7a el

Due to the antisymmetry of f“bcc’;cg, switching a <> 8 for a term multiplied by this factor

introduces a minus sign, allowing further simplification,

Aoy = @Y i / o) (26 - 0502 — (v - w3)1],

a#f lasts
(1R (k) = gy* Y if* sy /l l fh s (R)IE. (A.22)
ba alg

Note how this result agrees with the algebraic method found in Eqgs. (4.26) and (4.105).

A.3.2 General Relativity and Einstein-Yang-Mills Theory

Next, the three-point graviton vertex will be used to stitch together lower order gravitational

field solutions to generate a piece of the gravitational radiation field. The three-point graviton
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vertex from DeWitt [234] and utilized by Sannan [235] is

1
Vua,l/,@,o'y(kla k?a k3) = sy __P3(k1 : kz%aﬁuﬁ%w) - _P6(k1Vk15nﬂanU’Y) (A23)

1
2 2
1
+ EPS(ICI : k2nuunaﬁn07) + PG(kl ' k2nuanuan57) + 2P3(k1uk1777ua7760)
- P3(klﬂk2u77auna'y) + P3(klak2'y77;w77a,6’) + PG(klakl'yn;wnaﬁ)

+ 2Ps (k1 koynsuac) + 2Ps (k1o k2umsotye) — 2P3 (k1 - k2Naw o) ] 7

where P35 and Py refers to a permutation of k1, ko, and k3 resulting in 3 or 6 terms, respec-

tively, and sym applies a symmetrization across p«, v, and ov. For example,

P3<k1 : k2nuvnaﬁna'y) = kl : k?”uunaﬁnav + k? : k3nuan,3'y7]uo¢ + k3 : klnwﬁmﬁum
1
Sym[nuunab’] = Z_l (nuunaﬂ + NusMNva + Nvallus + naﬁnuu) . (A24)

Expanding P; and Py gives

VHerBot (k. ks) = sym {—% (ki Ko+ ko - ks + kg - ki) p*n”Pn
— 5 (WkEen 4 KR PR
FRERI e+ KRS+ RS
* % (k1 - kar?™ 00 + ks - ka0 0" + ks - ka0 n*”)
+ (k1 - ko 0" 0™ + ky - ka0 0™ + ky - ks 0T n™
ke ka0 0 k- ka0 0 ks - ki n™)
+2 (kf 0™ + kS kb Pt + K kS ?7“”77‘“’)

— (WIREm ™ - K3 R )
+ (KERIn 0™ + KRG 0™ + kg™
b (RERT ™ 4 Ko™ + Kk o™
+ k”k:” nrn 4 k:”kﬁ T k’“k:o‘na” aﬁ)
+ Z(k”kvnﬁ“n“ + K EIn 0P kgkSn Y nPr
RS+ R+ kSRS
F2 (WP 4 KGR+ K AT ) (A.25)
= 2 (k1 - ko™ 07" + k- ks 0™ + ks - ko Py ) } ‘
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To find the radiative field contribution from this three-point vertex, two instances of the
lowest-order field solution will be stitched together with this vertex to find a higher order

contribution. The lowest-order field in momentum space is given by

K

N ila-ba po
P (1) = 5 Zmael—2(27r)5(la 0 {Ugvg - %] . (A.26)

«

The three-point vertex allows for a purely gravitational source to be found, which corresponds
to a component of the pseudotensor, t*”. This component of the source that generates
radiation is given by

1
t"ME) = 5/1 l Vet oN ]l kY hyp(la) b (1) 0%k — Lo — 1g). (A.27)
a'fs

Since the lowest-order solutions for [/, and [z are symmetric, the symmetrization is only
needed for indices o and A in V#?*7°* Focusing on the integrand and breaking down the

two lowest-order solutions into four terms gives

1 1
P (1)h7 (lg) o [véﬁvgvgvg T3 (vEvEn”™ + vhupn'*) + =2 (m*n"")| . (A.28)

It is straightforward to perform the index contractions with Mathematica to simplify the

result, giving

l2
Vup,m‘,a)\h#phm_ o |:21}gvi\ ((k . Uﬁ)z o «a ) + (vgvg + vgvg) (liva “Ug — k- Uak . /Uﬁ)

d—2

1
—2 (Uglg + Uélg) (Ua ' Uﬁk : Uﬁ) + lglg ((Ua . Uﬁ)2 — m)

l2

+ 7]0)\ <k‘ . Uak “UgVq - Vg — 5 <(Ua . UB)Q — d—i2>>:| s <A29)

where this result gives the integrand of the diagram (2c).

For calculating the additional gravitational radiation diagrams due to Yang-Mills contri-
butions, the Feynman rules for scattering outlined by Rodigast’s thesis give the necessary
three-point vertex [236, 237]. The Feynman rule for the three-point vertex with two gluons

and one graviton can be found from the interaction term in the Lagrangian,

L = 4/ —gg“ngaMAga[pAg] + .
1
~ kK (nﬂrnpknua 4 nﬂpnu‘l’na)\ . 5777/\77MP77VU> hmauAﬁa[pAg}- <A30)
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Taking the functional derivatives and properly symmetrizing over all indices and momenta

gives
a,vb . cab T v 1 T v, TV T v
LTk pq) = —2i0™ (p( I + P am™ N =)
1 T 14 14 T 4 T
+ o0 e — g pT = A)) , (A.31)

where a factor of 2/k was added to have the same conventions as DeWitt’s three-point
vertex. This allows us to use the same formula for calculating the contribution to the
radiation source. By reusing the lowest-order result for A**(l)|p(,) and switching a — a,

the solution to diagram (4c) is

S\ U 1 . v cmr~ a b
(2)" = 5/” TP (—k, Lo, 1g) A% (La) o) Al (1g) o) 0% (k — Lo — 13). (A.32)
astp

Plugging in the lowest-order solution gives

N
i 71
@ = Y [ ok | 0k05 e - vl
a=1 la’lﬁ
B#a

14 ]‘ 14
+ vy - vl )+—7]“”k-vak~v — k- vguWY —k-vav(“l”) , A.33
Bla ‘s 2 B Bla tp B o

which can be shown to agree with the algebraic result found in Eq. (4.120).
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