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Resumo

Nesta tese, nés investigamos os efeitos de reagdao de radiagdo devido ao spin na dindmica de
um sistema bindrio de corpos compactos usando uma abordagem de teoria efetiva de campos.
Focamos no estdgio de espiral da evolucao do sistema binario que, por sua vez, prové uma hierar-
quia de escalas propicia a implementacao de uma abordagem perturbativa, tal como a expansao
pés-newtoniana. Fazemos uso de um formalismo proprio para investigar efeitos dissipativos.
Provemos uma extensao desse formalismo para incluir graus de liberdade de spin. Com isso, em
uma abordagem de teoria efetiva de campos, calculamos as aceleragoes de reacdo de radiacao
devido a efeitos de spin-érbita e spin-spin, em primeira ordem. Apresentamos, pela primeira vez,
a contribuicdo de spin na reagao de radiacdo devido ao tamanho finito dos corpos compactos.
Também investigamos como os spins de tais corpos sdo afetados pela reacdo de radiagdo, na
ordem pés-newtoniana de interesse. Por fim, realizamos um teste de consisténcia - relacionando
a poténcia total radiada com a perda de energia induzida pelas forgas dissipativas - assegurando,

assim, a validade dos nossos resultados.

Palavras-chave: Teoria Efetiva de Campos, Ondas Gravitacionais, Spin, Reacdo de Radi-

acao.
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Abstract

In this thesis, we investigate the radiation reaction effects due to spin on the dynamics of
binary compact bodies, using an effective field theory framework. We focus on the inspiral phase
of the binary’s evolution, which provides a hierarchy of scales that invites us to implement a
perturbative approach such as the Post-Newtonian expansion. We use a formalism suitable to
incorporate dissipative effects, providing an extension to include spin degrees of freedom. We
use this extension of the effective field theory framework to compute the radiation reaction
accelerations due to spin-orbit and spin-spin effects at leading order. We present, for the first
time, the spin contribution to radiation reaction due to finite size effects. We also investigate
how the spin evolution of the compact bodies is affected by the radiation reaction, at the order
of interest. Finally, we perform a consistency test - relating the total radiated power to energy

loss induced by the non-conservative forces - ensuring the validity of our results.

Keywords: Effective Field Theory, Gravitational Waves, Spin, Radiation Reaction.
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Introduction

The successful detections of gravitational waves have encouraged precise descriptions of the
dynamics of binary compact objects in order to probe the nature of the sources and to test gravity
deep in the non-linear regime. The gravitational waves detected by LIGO [1] were generated by
binary systems of merging black holes in the distant universe. To develop accurate theoretical
models and predictions for such systems, it is necessary to know their evolution under dissipative
effects to high accuracy. The work presented in this thesis entails the study of radiation reaction
effects in the evolution of spinning binary systems using effective theory methods.

The heroic experimental achievement by the LIGO collaboration gives us confidence in the
validity of Einstein’s theory of gravity and, at the same time, it opens a new window onto the
cosmos, coined “gravitational wave astronomy”. Prior to the detections, the existence of gravita-
tional waves was strongly suggested by Taylor and Hulse in the 70’s and 80’s, who observed for
the first time a binary system composed of a pulsar and a neutron star orbiting a common centre
of mass. The pulsar provided a clock which allows us to infer the relevant orbital parameters
and masses from observations. Later on, Taylor and Weisberg [2] found that the orbit of the
pulsar was slowly shrinking over time. This observation was then associated with the release of
energy in the form of gravitational waves. The discovery of the so called Hulse-Taylor binary
was awarded the nobel prize in 1993.

Gravitational waves bring a new era in Astronomy, revealing information about the Universe
that cannot be observed through other ways. Since gravitational waves interact very weakly
with matter, they can penetrate dust clouds and other barriers that would absorb or scatter
light. Therefore, it is possible to see into the centre of dense systems, such as the cores of
supernovae or the Galactic Centre, as well as further back in time, since the early universe
was opaque to light prior to recombination. Furthermore, being produced by coherent mass
movements, gravitational waves can also provide information about the internal structure of
massive objects. This is in sharp contrast to electromagnetic radiation, which usually carries

incoherent surface information. In particular, gravitational waves are extremely important to the
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study of black holes, since it is the only way we can directly observe them, all other information
about them is indirect coming from their effects on the surrounding environment. To obtain all
the information gravitational waves can provide, large investiments have been made on ground-
based detectors such as LIGO/Advanced LIGO [3] in USA and VIRGO/Advanced VIRGO [4]
in Italy. The planned KAGRA [5] in Japan, IndIGO [6] in India, ET [7] and the space-based
eLISA [8] will be operational in the future in order to observe the universe in a more precise

and broader way.

In this thesis we will focus on binary compact objects in view of their primordial importance
to observational astronomy. The majority of stars is found in binary - or in multiple - sys-
tems [9]. The lifecycle of binary systems consists of three main stages: inspiral, merger and
ringdown. We will concentrate here on the inspiral phase, where velocities are up to a small
fraction of the speed of light. This allows us to introduce a perturbative expansion for phys-
ical observables in terms of the relative velocity. The two body problem has been extensively
covered in the literature over many decades. Since the development of General Relativity, the
non-linearites of the field equations make finding a close analytic solution an almost impossible
task. Therefore, one approach is to solve the equations numerically [10-13]. However, due to
the computational limitations, this is only suitable for the last stages of the dynamics, including
merger and ringdown. In turn, this only covers a small fraction of all the cycles that we expect
to observe with ground- and space-based detectors. For the inspiral phase, on the other hand,
we rely on analytic approximations such as the post-Newtonian (PN) expansion [14—18]. This
is the regime we focus on in here, albeit using a novel formalism borrowed from the realms of

Particle Physics.

Here we will work within the Effective Field Theory (EFT) framework originally proposed
by Goldberger and Rothstein in the context of non-spinning gravitationally bound extended
objects. Due to its similitudes with EFTs for heavy quarks in Quantum Chromodynamics
(QCD) [19-21], the EFT approach was coined Non-Relativistic General Relativity (NRGR).
Even though Feynman diagrams and other tools that originated in Quantum Field Theory
(QFT) will appear throughout this thesis, our work will be confined to the classical level. QFT
techniques have been applied to gravity [22-30] prior to NRGR, however the latter formalism
provides a systematic treatment of gravitational systems when a separation of scales is present
[31-37], such is the case for a binary system during the inspiral phase. NRGR has been successful

in reproducing many of the results achieved with other analytical approaches, particularly those
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in the conservative sector for non-spinning bodies [38—44]. An extension of NRGR was developed
in [45,46] in order to describe spinning bodies, generalizing to General Relativity the work of

Hanson and Regge [47] in Minkowski space.

The EFT approach for spinning bodies has been instrumental to extend our knowledge of
the binary’s dynamics to high level of accuracy. Only spin-orbit effects were known, to 2.5PN
order, when NRGR was being developed. The first results for spin-spin gravitational potentials
at next-to-leading-order (NLO), corresponding to 3PN order, were obtained in [48-52]. This
was corroborated in [53-55] through the Arnowitt-Deser-Misner (ADM) formalism [56] and
posteriorly in the harmonic gauge [57]. Higher order effects have been more recently studied in
the conservative sector within the EFT approach in [58—-61] for the spin-orbit potential at 3.5PN
order and spin-spin potential and 4PN order. These results were also calculated in [62—-65] except
for the finite-size contributions, which are handled by the EFT approach in an straightforward

way. Moreover, the effects due to absorption were also studied in the EFT framework in [31,32].

The subject of this thesis is radiation reaction effects due to spin, where new effects will
be presented. Back reaction within an EFT framework was explored for the first time in [37,
66] by implementing the classical limit of the "in-in" approach [67,68]. Originally computed
in [69-72], the radiation reaction force at 3.5PN order was re-derived within NRGR in [73]
employing the formalism for non-conservative systems developed in [74,75]. Here we extend the
formalism to incorporate spin and compute the spin-orbit and spin-spin effects, including finite
size contributions for the first time. We provide a non-trivial consistency check by showing the
equivalence between the energy loss induced by the resulting radiation reaction acceleration and
the total emitted power in the far zone, which follows from the well-known multipole expansion.

The novel work presented in this thesis is based on our papers [76] and [77].

This thesis is organized in four chapters. In the first chapter we summarize fundamental
concepts on gravitational waves physics. We also briefly review the introduction of spin in
General Relativity and for the two body problem in gravity. In the second chapter, we introduce
NRGR in a pedagogical manner addressing only the conservative sector of the theory. We show
how to construct the effective action using the weak field and PN (low velocity) approximations.
The incorporation of spin effects in NRGR is discussed at the end of the chapter. In the third
chapter, the radiation sector NRGR is presented. We show how to compute the energy flux in
gravitational radiation to all orders, through a multipole expansion at the level of the action.

We also cover the formalism to study radiation reaction effects for non-spinning bodies, which
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we will extend next to introduce spin effects. In the last chapter, we present the results of our
work: the construction of a formalism to compute radiation reaction effects due to spin and the
computation of the leading order spin-orbit and spin-spin effects for binary compact objects. Our
calculations include the effects due to the finite size of the spinning bodies, which is presented

for the first time. We conclude our thesis with a discussion of the results and perspectives.

Notations and Conventions
Throughout this thesis, we use geometric units, ¢ = G = h = 1. Newton’s constant can

appear conveniently, for instance to express a known result. We define the Planck mass by

mp; = \/f;? = \/% The signature of the metric is (1, —1,—1, —1). Whenever repeated Latin

indices in different tensors appear at the same heigh, for example A?B?, it means a contraction

performed with the Euclidean metric, i.e. A’B* = A'B! + A?2B? 4+ A3B3.




1. General Relativity: a brief review

The theory of General Relativity formulated by Einstein at the beginning of the last century
was the first geometrical theory of gravity. In this theory, there is no absolute reference frame
and dynamics is governed by the geometry of spacetime itself, where quadrupole accelerations of
mass distributions generate ripples that travel at the speed of light and are named gravitational
waves. This kind of radiation was first discussed by Laplace in 1805, when he explored the
hypothesis of finite-speed gravitational influence. He predicted that the angular momentum of a
binary star system would decrease with time, which now is interpreted as it being carried away

by gravitational waves.

After the presentation of the modern form of gravitational waves by Einstein, in his 1915
publication, as solutions to a linearized form of the gravitational field equations, they were
not widely studied until the 1950s, when it was proved by Hermann Bondi that gravitational
waves are physically observable and in fact carry energy [78]. Subsequently, the awarded dis-
covery of the shrinking orbit of the binary pulsar system by Hulse and Taylor triggered the
scientific community to seek out further evidence of gravitational waves and ways to make pos-
sible their detection. After LIGO’s achievements in 2015, we start to think of gravitational
waves as promissing tools for unravelling misteries about the Universe and getting deeper in the

understanding of gravitational phenomena.

In this chapter we present a brief review on general concepts of General Relativity. In the
first part, we focus on gravitational waves physics. We use the weak field approximation to
find plane wave solution for Einstein’s equations and discuss about polarization and sources of
gravitational radiation. In the second part, we show how to include a description for spinning
bodies in General Relativity, which will be regarded later in the EFT framework for binary

systems throughout the thesis.



1. General Relativity: a brief review
1.1. Gravitational Waves

1.1.1. Einstein’s equations

Einstein’s field equations can be derived from a minimal action principle in a very succinct
way. In order to formulate a generally covariant and locally Lorentz invariant theory of gravity,

we must have an action which is a scalar under both Lorentz and coordinate transformations:

S = /\/g(ag + L) d'z, (1.1)

where
1

0= " Tor

G B (1.2)

is the Lagrangian related to the gravitational field, while £,, contains the matter fields con-
tributions for the dynamics. The Ricci tensor R*” is the contraction R, " of the Riemann

tensor

R, =0.T,F - ayraf + ra,ﬁrwﬂ - rypﬂraf (1.3)

with the metric tensor g, (). The tensor above is defined in terms of the connection

1
F;);zz = 59)\5 (aug,@,u + augﬁz/ - 8ﬁg;w) . (1.4)

We note that the infinitesimal four-volume d*z is a Lorentz scalar, but under a general co-

ordinate transformation it transforms like d*z’ = %—g d*z. The presence of (/g in (1.1) is to
compensate the Jacobian at d*z’, since /g = %—:’i - /9, ensuring an invariant action under

coordinate transformations.
To derive the equations of motion, the variation has to be performed with respect to the

dynamical variable - the gravitational field represented by the metric of the spacetime. Defining
Ve = gheT,,~ — gor, (1.5)

and taking into account the metricity-postulate Dqg,,, = 0, the variation of the gravitational

action reads as
[ 8 (agureydia = [ o, (Jave) dta, (16)
which is zero in consequence of the boundary conditions at infinity. The variation of the matter

action, in turn, is given by

5 (\/GLom
5Sm = / (g/j)égwd“x = % / VT gud'e, (1.7)
1%



1.1. Gravitational Waves

in view of the definition for the symmetric energy-momentum tensor

ERINTS
VI 09w

This tensor is the source of the gravitational field and represents the energy density of the

T

(1.8)

system with the exception of the gravitational one.
The action is invariant under infinitesimal local transformations, dx* = &, furthermore it is

possible to show that translations imply the metric to vary in the following way
g = DVEH 4+ DHEY, (1.9)
such that

5Sm = / NG L (1.10)

Getting rid off the surface terms, it results

6Sm = — / VD' T, " d z, (1.11)

but since the parameter of the transformation is arbitrary and the action is invariant under

infinitesimal translations, it implies the conservation of the energy-momentum tensor
D'T,, =0 (1.12)
From considering the variations of both the actions related to gravity and matter together,

1 1 y
0S8 = — E\/g [(Ruy — 29#1}R> + Tl“’:| (Sg'u s (113)
we can readly write Einstein’s equations

1
R, — §§7WR = 81T} (1.14)

The expression above represents ten partial differential equations of second order in the grav-
itational field g,,, but only six of them are independent, as a consequence of Bianchi’s identity.

The fact that the conservation of energy-momentum can be directly deduced from the field
equations means that they contain also the equations of motion for the matter fields. In the
electromagnetic theory, for instance, the situation is different, since from the Maxwell field
equations one can deduce the conservation of the electromagnetic current, but not the equations
of motion of charges, i.e. the Lorentz equations. In this case, we assign the charge and current

distributions and then obtain the fields solving the field equations. In the gravitational case,



1. General Relativity: a brief review

on the other hand, the matter distribution and its motions cannot be prescribed independently
from the gravitational field produced by them. This characteristic aspect of gravitation is to be
ascribed to the fact that the energy plays the double role of gravitational source and inertial

mass.

1.1.2. Weak Field Approximation

General Relativity is a non-linear theory and in general there is no sharp distinction between
the part of the metric that represents the gravitational radiation and the other part which
describes the geometry of spacetime. However, in the weak field limit we clearly define gravi-
tational radiation. In this case, we can show that Einstein’s equations have wave-like solutions
when they are written and solved in a nearly flat space-time.

In the weak field approximation, the spacetime metric is considered almost flat up to a small

perturbation:
9uv (l’) = N + h,uu (w) ) (1.15)

where |h,,| < 1, what means that second or higher orders of the field h,, can be neglected.
The indices of this perturbation are raised and lowered using the Minkowski metric 7),,,. There
is considerable coordinate freedom in the components h,,, since we can wiggle and stretch the
coordinate system with a comparable amplitude and change the components. This coordinate
freedom is called gauge freedom, by analogy with electromagnetism. We use this freedom to

enforce the Lorenz condition:

8 Ty = 0, (1.16)
where we regard the definition bellow
— 1
hyw = by — 577Wh, (1.17)

where h = n,,h*”. In this way, the Einstein’s field equation can be expressed by
Ohy = —167T,, (1.18)

where 00 = 7°%9,0y. It is clear that this last expression is a set of decoupled linear wave
equations. The simplest case is when there is absence of matter DEW = 0, so that the solution

for Einstein’s equations are plane waves:

By (1) = A e, (1.19)



1.1. Gravitational Waves

It is important to have in mind that we can always find a gauge in which (1.16) is satisfied.
A consequence of (1.16) is

APk, =0, (1.20)

which restricts A*” to be orthogonal to the direction of propagation.
Taking the example of the plane wave solution of Einstein’s equations, we use the transverse-

traceless gauge to talk about polarization of gravitational waves. The gauge redefinition
hyw = hyw — 0,6 — 0,€, (1.21)
together with (1.16), implies, in vacuum,
L, =0, (1.22)

whose solution reads
£q = Bae™*, (1.23)

The vector B, can be chosen to impose two further restrictions on A,,:

A““ =0 (1.24)
and
Ao =0. (1.25)

Together, (1.20), (1.24) and (1.25) constitute the so called transverse-traceless (TT) gauge
conditions. The trace condition implies, for instance, EZ,,T = hf;;r . We can use the TT gauge
to show that gravitational waves have only two possible polarizations. We choose the spatial
coordinate axes so that the wave travels in the z direction, i.e. k = (w,0,0,w), so that A, = 0.
This means that only A, Azy, Ay and Ay, are nonzero. Furthermore, the trace condition
puts the restriction A;; = —Ayy, and due to the symmetry of the metric tensor Az, = Ay,.
Then, in this particular frame, we see that there are only two independent components of the
wave: Az, and Az,. We can represent these the two linear polarizations as in Fig.(1.1).

To illustrate the physics behind the interaction of gravitational waves with matter, consider
two nearby particles, one at the origin and another at © = ¢,y = z = 0, both at rest. The proper

distance between them when they encounter a gravitational wave is given by
1 / 1
Al :/|gw,dx“d$”|; :/|gm|dxé 2 [14— §h£xT (x =0)] ¢, (1.26)
0

what means that the proper distance changes with time making possible to detect gravitational

wave signals.
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Figure 1.1.: In the upper case, hI # 0 and hgyT = 0, representing the + polarization. The

circles under the graphic represent the x polarization, where h1] = 0 and hfg #0.

1.1.3. Sources

The sources of gravitational waves can be roughly classified into two main categories. One is
called cosmological origin, the other is relativistic astrophysical origin. In the cosmological case,
gravitational radiation can be produced in the early stages of the Universe, for example, during
the inflation and reheating epochs. In this case, the radiation is called primordial gravitational
waves, and they will leave unique imprint on the cosmic microwave background, the so-called
B-mode. Moreover, during the evolution of the Universe, it is expected that various phase tran-
sitions had happened as the temperature of the Universe decreases, for example, the symmetric
breaking of the grand unification theory or the electroweak and quantum chromodynamics phase
transitions. Gravitational waves are also expected to be produced with different features in each
phase transition. Therefore, the detection of gravitational radiation due to those cosmological

origins can reveal physics associated with the evolution of the Universe.

In the astrophysics side, gravitational waves can be produced in processes like rotation of
non- symmetric neutron star, explosion of supernovae, inspiral, merger and ringdown of compact
binaries including white dwarf, neutron star or black hole. A spinning non-symmetric neutron
stars is an example of long-lived source which generates continuous waves whereas the coalescence

of a compact binary is a short-lived source of gravitational waves.

Although binary star systems are common in our galaxy, only a tiny fraction experience an
evolution that arrives at two compact objects in an orbit tight enough to lead to compact binary
coalescence in a Hubble time [79]. The coalescence of two compact massive objects (neutron stars
and black holes) into a single final black hole can be divided into three reasonably distinct stages:
inspiral, merger and ringdown. During the inspiral stage, analytic expressions (perturbative

post-Newtonian approximations) for gravitational waveforms are expected to be accurate. In the

10



1.2. Spin in General Relativity

merger stage, strongly relativistic effects require numerical relativity calculations. The merger
will result in a highly deformed single black hole which rids itself of its deformity by emitting
gravitational radiation that is characteristic of the mass and spin of the final black hole. This
is called the quasi-normal mode or the ringdown signal, which describes the final stage of the
binary’s evolution.

The inspiral stage lends itself to a natural perturbative approach: in such stage, the difference
among the scales of binary system - the separation of the bodies in comparison to the wavelenght
of the gravitational waves emmited by them as well as the velocity of the bodies in face of the
speed of light - invites us to the usage of an effective framework, as we shall see throught out

this thesis.

1.2. Spin in General Relativity

Spin in General Relativity has been explored in various ways [80-82]. In particular, spin effects
for binary system have been calculated using different techniques within the PN approximation
[83-87]. As it is known, the motion of a spinning particle is described by the Mathisson-

Papapetrou-Dixon equations in General Relativity:

Dp* 1
% = —ERMVQBUUSQ'B, (127)
DsSH
7 = p*u” — pYut, (1.28)
T

where p# represents the momentum of the particle, S®? is the antisymmetric spin tensor and %
simply denotes the covariant derivative with respect to the particle’s proper time.
In order to have an EFT description for spinning objects, which will be presented in the next

chapter, we need to write an action that provides these equations of motion above.

1.2.1. An action for spinning bodies

To accomodate rotations, the first step is to introduce new degrees of freedom e/ - elements

of SO(3,1) - to the worldline, such that

1 = elelg, (129
Juv = eieinIJ' (130)

The capital Latin indices are lowered and raised with the Minkowski metric '/ = (1, -1, -1, —1)

and transform under a residual Lorentz invariance. We define the transport of a tetrad through

11



1. General Relativity: a brief review

the particle’s worldine by

o
) e
efL = TI =uVaell = —Q"ey,, (1.31)
where Q* = —QYF represents the angular velocity tensor and V, is simply a covariant derivative

compatible with the metric g"*¥. We invert the equation above to write the angular velocity tensor

in terms of the tetrads as well:
De,

GIMT.

Having characterized the new degrees of freedom, we may now construct a Lagrangian for

Q= n"’ (1.32)

the spinning particle by demanding general covariance, local Lorentz and reparametrization

invariances. There are four different scalar quantities which are given bellow [47]:

a; = uyut, (1.33)
ag = QW,Q“V, (134)
asz = u, 8" Qu, (1.35)
1
ay = EQWQ*WQQBQ*W , (1.36)
where
QO = 1 Qaﬁ
= Lees (1.37)
From (1.33 - 1.36), we write
oL oL
oL (al,a2,a3,a4) 9ay —da; + ... + 87@(5(14. (1.38)
On the other side, we also have [45]
1
0L = —p'éu, — 55’““59””, (1.39)
and by comparing with (1.38), considering the quantities (1.33-1.36), we find
o OL oL
¢ = —2ut— —2QYQ, u’ — 1.40
p u day vpl 8@3’ ( )
oL oL oL
S = —4QM — — 2 (u" Q" uy — u’ QD Puy ) — — 82 Qg QM 1.41
Oas (u T u)‘) Odas Oay’ ( )
From (1.32), we have
De Dée
J vJ J vJ
, = , 1.4
0y, = de, dr Tt dr (1.42)

while the second term of (1.39) inside the action gives

De, i Dée, ;s 1 De,,; De? DSH
L drst [ Se J J - _ - /d SHY S J SHV H(S J = J ) y
/ ( Cu dr Cu dr ) 2 T dr Cu dr vl = Cu dr vl |

(1.43)

12



1.2. Spin in General Relativity

which means
DSHY

i SO — QSN = phu¥ — utp. (1.44)

The last equality follows from (1.40) and (1.41) using a set of identities present in the appendix
A of the reference [47]. Since ST/ = S# eﬁe;{ , it is straightfoward to see that the equation above
implies

DSIJ
= 1.4
oo, (1.45)

meaning that the spin projected on the tetrads is constant. Notice that the scalar S% = %S“”S v
is conserved.

To obtain the equation of motion for momentum, we have to write (1.39) in the terms of dz. To
accomplish this, it is convenient to go to a locally flat coordinate system where the connection
terms are zero. After computing the equations of motion we can promote the derivatives to

covariant ones and find
Dp,,

1
= iRHwSa%*. (1.46)

Therefore, we have shown that the Mathisson-Papapetrou-Dixon equations can be derived

from the Lagrangian L (u*, Q*):
p 1 g
L = —plu, — 55" Y, (1.47)

which follows from reparametrization and diffeomorphism invariance. It is convenient to rewrite

the action in the locally-flat frame introducing

DA/
O = p AL 1.48
L= (1.48)
and
el QM = Qb 4 b 1.49
nv — °°L U UJM ) ( . )

where wl‘jb = egvue‘”’ are the Ricci rotation coefficients. Finally, we write an action where the

kinetic terms and the spin-gravity coupling can be easily identified:

1 a 1 a
S = /dT {—p“uu — §SabQLb — §wub5abu“ . (1.50)
1.2.2. Routhian for spinning bodies

Whenever we treat spinning bodies, we choose to work with a Routhian instead of a Lagrangian
for convenience, since in this particular physical setting the latter has no explicit dependence on

the angular variables. Hence, we treat position and velocity as generalized coordinates, while

13



1. General Relativity: a brief review

angular velocity and spin are taken as a pair of canonical variables in view of the Legendre

transformation
1
R=3 QP+ L, (1.51)
yielding
1
R = —plu, — iwl‘ijabu“. (1.52)

The equations of motion for spin is obtained through

ds® ab
= {5 R}, (1.53)
considering the spin algebra
{Sab, Scd} _ nachd + nbdsac o nadsbc o nbcsad' (154)

Mathisson-Papapetrou-Dixon equations also follows from (1.53).

1.2.3. Spin supplementary conditions

The antisymmetric spin tensor S*¥ has six independent degrees of freedom, but only three are
necessary to describe rotations. In order to get rid of these three extra degrees of freedom and
fix the centre of mass, we have to impose some constraints called spin supplementary conditions

(SSC) of which the most used are

Vc‘év = Swjpuv (1.55)

Vi = S*'p, — mSH. (1.56)

The first one, which is manifestly covariant, is called covariant SSC. This condition has the
advantage that the relation between p, and wu, is manifestly covariant. The covariant SSC
implies

S0 = Sy, (1.57)

The other choice (1.56) is called Newton-Wigner and, even though it is not manifestly co-
variant, it preserves the canonical algebra of Poisson Brackets up to effects quadratic in the
spin, while the covariant SSC demands the construction of the Dirac brackets. Choosing the

Newton-Wigner condition means

A 1 .. .
S0 — 557V (1.58)
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1.2. Spin in General Relativity

One can calculate the equations of motion in either SSC and translate between the two using

a transformation of the centre of mass [85]:

v x¢&

Teoy —7 INW — > (159)

2m

which will be discussed in the next chapter.
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2. NRGR I: conservative sector

EFTs have been an indispensable tool of modern physics to study systems with multiple
separate scales in a systematic fashion. The general idea of an EFT is to provide the simplest
framework that captures the essential physics at each scale. To describe a physical system
using an EFT, we need to determine the relevant degrees of freedom, the symmetries and the
expansion parameters. In every EF'T, power counting are rules for determining which operators
are needed at a given order in the expansion parameter. In general, the coefficients that appear
in the effective action are determined through a matching procedure by comparison with the
full theory.

We may say that the key principle in this framework is that it is not necessary to know the
dynamics out of the scale of interest in much detail. For instance, to describe the hydrogen
atom in low energy scale we do not need to include the bottom quark. However, short distance
degrees of freedom affect the dynamics in terms of coefficients in the local term in the action.
This subtlety is related to the fact that when high energy degrees of freedom are integrated
out in order to write an effective action that describes low energy physics, the "information"
about these high energy particles becomes encoded in the coefficients of the effective theory.
Even though EFTs were mostly developed in Particle Physics, they are still useful in classical
settings, as we will see through this and the next chapters.

There are basically two approaches concerning EFTs. One of them is called "top-down', in
which we know the high energy theory and want to build up or investigate the low energy theory.
In this case, the heavier particles are integrated out and then we perform the matching onto a
low energy theory, finding what are the new operators and the new low energy constants. The
high and the low energy theories agree in the infrared limit, but differ in the ultraviolet regime,
as expected. We can cite some EFTs that behave in this way: heavy quark EFT (HQEFT),
non-relativistic QED (NRQED), non-relativistic QCD (NRQCD) and the framework used in this
thesis, NRGR. The other way to proceed when we work on EFT is named "bottom-up" and what

characterizes this approach is: the high energy theory is unknown. In this case, we construct the
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2. NRGR I: conservative sector

Lagragian by writing down the most general possible operators (interactions) consistent with all
symmetries and determine the coupling constants by experiment. This is the case, for instance,
of the Standard Model.

Although we do not work on renormalization or explore its aspects in this thesis, it is important
to mention its place in EFTs. In the traditional sense, the theory is renormalizable if at any order
of perturbation the UV divergences from loop integrals can be absorbed into a finite number of
parameters. In the EFT sense, a renormalizable theory must be renormalizable order by order
in its expansion parameters. In order words, EFT allows for an infinite number of parameters,
but only a finite number of them at any given order in the expansion, what makes possible to
use renormalization group methods to understand in a simple way logarithms of scale ratios
that may arise in the perturbative series for a given observable. Another substantial advantage
which an EFT framework offers is having a manifest power counting in the expansion parameter

of the theory!.
Motivation

The experimental program in gravitational wave detection triggered the development of an
EFT framework - NRGR - which is capable of describing the two body physics with high accuracy
[38,88]. For binary systems that can be detected by LIGO , which have binary constituents with
masses in the range between one or dozens of solar masses, the inspiral phase spans roughly
0.1 < v < 0.4, corresponding to orbital separations from about 100 to a few times m/mgkm. A
ground-based detector is sensitive to the gravitational wave phase A¢(t) during the evolution of
the binary system. Consider that each body of a binary system, in circular orbit, has an agular
velocity w(t). Then, through the virial theorem we have w(t) = %, what allows us to write the

gravitational wave phase seen by the detector as

2 1 dE
Ap(t) =2 [ dtw(t) = = [ dov®—— 2.1
o0 =2 [t = - [ ot (21)
since the conservation of energy assures %3 = —P. The expression above tells us that once the

gravitational wave signal is detected, we may have information about the power loss of the system
where the wave came from, for instance. The observable A¢(t) has to be computed to extremely
high order in the velocity expansion in order to compare the predictions of General Relativity

and to probe the internal structure of those strongly bounded systems with the experimental

'This means that it is possible to calculate the order in the expansion parameter which a given term in the

perturbation series first contributes to a given physical observable by using simple scaling arguments.
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data. It is important, moreover, to have a computational approach that separates the effects
that depend upon short distance physics from those that come from gravitational dynamics only.
Not only does NRGR provide this, but it also deals naturally with the problems that arise in

PN techniques regarding singularities by the means of a renormalization program.
Scales

To construct an EFT which describes the physics of binary systems, the first question we need
to ask ourselves is: do those systems have a clear separation of scales? The answer is surely
positive. Consider a binary system composed of compact bodies - it can be neutron stars or
black holes - in a bound state moving non-relativistically. We can state the difference between

the scales of this system in the following way:

e Internal zone: It is the scale corresponding to the Schwarzschild radius of the compact

bodies rs, where finite size effects take place.

e Near zone: Also called potential zone, it corresponds to the orbital scale represented by

the separation distance r between the two compact bodies.

e Far zome: It is the scale corresponding to the typical wavelenght of the emitted gravita-

tional waves Apqq ~ -

Because we consider post-Newtonian sources (slowly moving bodies), the hierarchy of scales
can be represented by

Ts << T << )\rpad- (22)

The degrees of freedom at the scale 75 are responsible for finite effects, such as tidal forces, but in
general they are neglectable in comparison with purely gravitational wave damping effects [57].
At the orbital scale, the gravitational field presents itself in the potential modes, which are off-
shell fields that mediate the gravitational interaction between the two compact bodies and are
probes for their internal structure. While the potential modes govern the conservative dynamics,
the radiation modes are responsable for dissipative effects. At the scale of radiation, the binary
can be treated as a point-like source endowed with a series of multipole moments.

In what follows, we introduce the NRGR framework to describe the dynamics of compact
binary systems. The first effective description used to describe the physics at distances between
the finite size scale and the orbital scale is constructed by replacing the compact objects with

point particle worldlines, where their finite size effects can be included with higher order terms
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2. NRGR I: conservative sector

in the point particle action. The second stage of the EFT concerns scales between the orbital
and the radiation scales, where the potential modes which are responsible for physical effects at
the orbital scale are integrated out from the theory. The classical limit of integrating out a field
corresponds to performing the saddle point approximation, which effectively means solving for
the field value and plugging it back into the action. At the end, the resulting theory describes
the conservative sector, as will be presented in this chapter, as well as the radiation sector of

the physics of a binary system in the inspiral phase, which will be discussed in the next chapter.

2.1. Non-spinning bodies

Here we introduce the effective action formalism for non-rotating bodies, we include spin in

subsequent sections.

2.1.1. Action for binary systems

The simplest action for relativistic point particles coupled to gravity, constituting a binary
system, is given by a piece describing gravity - the Einstien Hilbert action - and another part

accounting for the bodies that generate the gravitational field:
S = Seu + Spp- (2.3)

We are interested in having an EFT which provides a way to calculate the power emitted in
gravitational radiation from the binary system, since this quantity can be indirectly measured
by detectors such as LIGO. This is accomplished, in principle, by expanding the action using

the weak field approximation,

Guv = Nuv + mor’ (2.4)

where we included the Planck mass in this expansion just for convenience. Integrating out the
graviton field to obtain an effective action depending only on the particles coordinates x, with
a=1,2 gives

oiSesslral _ / Dhy e/ Se+iSm (2.5)

Firstly, let us consider the Einstein-Hilbert action

Spp = —2m%, /d4:c\/§R (x) . (2.6)
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2.1. Non-spinning bodies

In the weak field limit,

R+
g = — (2.7)
mpi
Vo~ 1+ h (2.8)
R :
the connection becomes
1 MY 1
), == — — | — (8,hsy + .hs, — Dshyu 2.9
o 2<n mPl>mPl( Bu + Ophgy — Ohyu) (2.9)
A A
3 (Buh, + 0, = )
what implies
_ 1 2 « « 2
T (0%huw + 0u00h — 0,0uh,™ = 0,00h,) + O (T2). (2.10)

With these considerations, the Einstein-Hilbert action is re-written as

Y Y Y
= [ d py - — 2.11
SeEH / x (77 + omp  mp 20, ) (2.11)

1 (0% hps + 0,000 — OB, = ,0ah, ) — 2m 0 (T2)].

The terms 70%h (schematically) will lead to zero integration in view of the boundary condi-

tions. Taking into account that

purt oo pot vo

—2m}0 (1?) = —2m} / " (06,15, = T6,T7,] d's (2.12)
= % / 200" 0" hywy — hO*h — 2017 9,05h, + W 0P hy, ) d
we have
Spi = / Bh@Qh - %h’“’thW — hOu D" + W 9,00k, + O () + ] dz.  (2.13)
Considering

1 1
M # =T = - (alwﬂ - 28%) : (2.14)

we can add the gauge fixing term
1
Sar = m¥, / Vol Thdie = — / (hf@aagh“ﬁ — h,*0a0"h + 4h82h> d'z, (2.15)

to end up with the Einstein-Hilbert action with the kinetic term written in a much simpler form:

1

1
Sgn + Sar = / 3 [Qha% — W 0?hy,, + ] diz, (2.16)
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2. NRGR I: conservative sector

where the ellipsis represents terms which depend on higher powers of the gravitational field.
The motion of the two-body system, neglecting finite size effects, is determined by the point-

particle action

= —Zma/d7a+... (2.17)

where dr, = \/gudalidzy is the proper time along the a-th particle worldline. For now we ignore
additional degrees of freedom - such as spin, which will be introduced later in this chapter - as
well as the finite size corrections for the point particle description included in the elipsis.

In order to have interaction vertices with homogenous velocity scaling, we expand the point-
particle action in powers of the particles three-velocities. To accomplish this, we write the proper

time using the post-Newtonian expansion:

h
dr = \/nw,da:“dx’/ + 2 dxtdrv (2.18)
mp
1
1 2
[1v +—(h00+2holv + h; VV])‘| dt
Myl
=2 L (o 2k + higvivd) = b (oo + 20 hijvive dt
= —3+2mpl(oo+ o'+ hiviV ) = pl<00+ oV higvivl) + .| dt,

n(n 1)

where we have used (1 + )" = 1+nz+ 22+ ..., for < 1, which is a good approximation

since [v| < 1 as well as |hy,,| < 1. With thls, the expanded point-particle action is given by

2 1 vi v2
Spp = /dt Z Me [“ (hoo + QhOZV + hi;v, VJ) §“ + (hoo + 2holv + hivg, v]) +. ] .

a=1.2 2mpl 4mpl

(2.19)

The constant term Y, —m, was ignored because it has no contribuition for the equations of
a=1,2
motion. The fields hgg, ho; and h;; are evaluated on the particles worldlines (zg,%q (20)).

2.1.2. Propagator

Let us now introduce the propagator of the gravitational field. In our worldline description we
take the limit s — 0, thus in this EFT framework the compact body is described by a localized

point-like gravitational source whose stress-energy tensor is

wo_ Uu”u §(xz—z(0))
T — /d YRy S (2.20)

where the ellipsis account finite size effects. To accomodate the non-linearities of the gravita-

tional field Ay, in the Einstein-Hilbert as well as in the point-particle action, it is convenient to

22



2.1. Non-spinning bodies

introduce the pseudo stress-energy tensor 7" which incorporates those non-linearities, so that

1

SEH+SGF+Spp=/2

K hd*h — W 9%h W) ——T“”h,w diz. (2.21)

mpy

In order to write the propagator of the gravitational field, we compute the Euler-Lagrange

equation

oL (y) oL

-9 =0, 2.22
Ohas(y) " 905 haps(y) 222

what leads to
a (1 g2 2108 L ap W (1,00 a8 1aBa0
d*z || zn*"0°h — 0°h*" — —T, — 0y | shd"n* —h*0” || 6 (x —y) =0, (2.23)
2 mpj pp 2
since 7, hy, and T}, are symmetric quantities. This implies

1
(naﬂnlw — P — navnﬁu) 32]1“” = 798, (2.24)
mpy

and after inverting it turns out to be

h,uzz = /AFaﬂ;u/ ($ - )7-04,8( )dyv (2'25)
mPl

where we use these two definitions?:
AF&BW (x—y) = Pab’/wAF (x—y), (2.26)

1
5 (naﬁnw/ — NauMpy — 77041/77,8#) . (2'27)

Paﬁ;u/ = 9

At this point, we can show how to derive the Newtonian potential from this field theory

approach. Regarding the linear order in %m’ for a static source (2.25) leads to

h .
mcfl = ~onT. / PapooAr (z = a') Ty (2/) d'a’ (2.28)
Pl
m
= =iz | (2naomos = nag) Ar (t = 1, x) dt’,
Pl
but as
—ipo(t— t) ip-X
Ap(t=t d* 2.29
/) / p p3 —p? +ic ( )
we find
h m 5 (po) e~ iPoteiPx
mofz - WQM (21000 — 770‘5)/d4 P2 — P2+ ic (2.30)
m eip~x
4m%l( Na0703 77@5)/ p_p2+iE

2The Feynman’s prescription is the right choice to compute the total radiated power using the optical theorem.
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2. NRGR I: conservative sector

Using m%, = 327?8]\] and
P (x—y) 1

d*p = , 2.31

/ p? Amlx —y] (23
it gives us

haﬂ 2G'm
— =—(2 — 2.32
— (2000705 = 7ap) , (2.32)

which yields the Newtonian potential for the temporal component.

At this point it is necessary to make a comment. Although we have expanded the action
using the weak field and the PN approximations, calculated the propagator and showed how
to recover, for instance, the Newtonian potential, it is still not enough to our purporses. We
need an EFT action which is capable of describing conservative but also dissipative dynamics.
To accomplish this, the gravitational field has to be separated into two parts: one describing
the gravitational interaction between the two particles and another describing the gravitational
waves. In other words, to formulate an EFT that is tailored to the limit v < 1 we must integrate
out all degrees of freedom with wavelenghts shorter than the orbital distance scale . We discuss

this next.

2.1.3. Modes of the field

Although we have performed expansion for small velocity, the propagator (2.26) for the field
hy still encodes fully relativistic dynamics, since it does not distinguish between potential
gravitons (which must be integrated out in order to write an action for NRGR) and radiation
gravitons. To make the Feynman rules scale homogeneously with v, it is convenient to decompose
the graviton as

h/j,l/ = h,uz/ + H,uz/, (233)

where hy, describes the on-shell gravitons, related to the long wavelenght radiation modes,
while H,,, represents off-shell gravitons, associated to the potential modes that mediates the
gravitational interaction. We can infer the scaling of the derivatives of these fields using physical
arguments. Since EW is a propagating field, the condition on the wave frequency implies

Dahyw ~ ;EW, (2.34)
whereas the potential gravitons do not go on shell and scale as

8oH, ~ —H,, (2.35)

SSI=3|2
=
N

0;H,y) ~ (2.36)
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2.1. Non-spinning bodies
Once we regard (2.33), the NRGR action is determined through the functional integral

eiSNRGR[%ﬂ _ /DHMVeiS[EJFH’IG]HSGF, (2.37)

Now the gauge fixing action appearing in the expression above must be suitable for the
potential modes, in order to preserve the gauge invariance of the NRGR action. As far as the
potential modes are concerned, the radiation plays the role of a slowly varying background field,
so that the background metric can be written as g, = nu, + EW and the gauge fixing term

takes the form
Sar =m3, / d*z/gl ", (2.38)

with I')y = Do H, — %D#H %> being D,, the covariant derivative associated to the background
metric g,,. In view of the different behaviour of the potential fields regarding its scaling, it is

convenient to work with its Fourier transform

H,, (z) = / (;il;?, e Hyg,, (2°) . (2.39)

Taking all this into account, the action (2.21) is now written as
i a [L(1yoor  suvqor L2 v a2
s[h+H,xa]+SGF = [ d% |5 (5hO°R — PRy, + JHOH — HM" O Hy,

— 1
T b —
2mp; M 2mpy

TWHW} . (2.40)

The crossed terms are zero because of the non-overlapping momenta. We can obtain the

propagator for the potential gravitons regarding the kinetic and source terms related to them.

Since
HO*H = H (9} - 02) H (2.41)
Bk T,
- - [k H (k,z0) H (—k, z0) — O H (k,xo)aoH(—k,xo)} :
(2m)
we have

3
%H@ZH — H"™9*H,,, = / (;lﬂl;g {kZ BH (k,x0) H (—k,z0) — Hy (k, 20) H* (K, xg)} —

1
—iaoH (k, x()) OoH (—k, x()) + 80Hw, (k, 330) O HM" (—k, 1‘0):|

PR 1, as 2
= | Gyt (K2 Hy, (K, 20) Has (—k, 20) (2.42)

—80HW (k, :L'o) 00HO¢B (—k, :L‘())] s
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2. NRGR I: conservative sector
where we used the definition
Tl = (e 4 — ). (2.43)

The terms containing time derivatives are suppresed with respect to the first one by a power of
v?, what allows us to treat them perturbatively as operator insertions in correlations functions.

Hence, taking the Lagrangian

1 [ &k 1 T (k, z0)
L=—= K2-THBE (K, +1Waﬁ“”’}H —k, z0), 2.44
3 [ Gy €45 Hus 0 e S I XT)
where
pwaﬂ:1< pergu | b yve (2.45)
=5 " 0T, :

we can obtain the propagator for the potential fields, similarly to the previous section:

, 1
(H,, (k,20) Hap (K, 24)) = —i (27)° Puyapd (ro — 24) 6° (k + k') @ (2.46)

2.1.4. Power counting

Now, we are ready to see how Feynman diagrams scale in this EF'T framework. Concerning that

&% (k+ k') ~ 7% and 6 (zo — () ~ 2, we may infer from (2.46)
H,, (k, 20) ~ v2r?. (2.47)
Analogously, through (2.26) and (2.29), we have
— v
by () ~ o (2.48)

To obtain the scale for the Planck mass, remind the equivalence in order between the kinetic

energy and the Newtonian potential:

s Gmm vir
=

mu ~ G~—, (2.49)

r m

what implies mp; ~ /=" and for practical purposes it is convenient to write

mo Lv, (2.50)

mpy

where L is the angular momentum. Now, with this information, we can determine the order in

the velocity at which any diagram in the calculation of the functional integral (2.37) as well as
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2.1. Non-spinning bodies

I
I
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Figure 2.1.

in Feynman diagrams which comes from the NRGR action itself. As a simple illustration of the

power counting rules, take the part of action corresponding to the kinetic term:
0,.,2 T 2
/dm mv” ~ —mv” ~ L, (2.51)
v

and in the same way behaves the Newtonian potential part that comes from the exchange of a

single potential graviton Hyg between the two particles as shown in Fig.2.1:

mims d3k e~k (x1-x2) ) / mims
dt1dted (t1 — t = dt ~ L. 2.52
! 8m2, / 120 (1 2)/ (27r)3 k2 32wm3, r ( )

Without calculating the diagram?, we could obtain its scaling by noticing that, schematically,
it is determined by [(dt) (d°k) (m/mp;) H ]2 ~ L. The angular momentum of a binary system of
compact bodies, i.e. neutron stars or black holes, is a huge quantity. All other contributions to
the effective action, in general, are down by powers of v relative to the kinetic and Newtonian
potential terms. We must treat the operators that scale as Lv” non-perturbatively while oper-
ators which scale as Lv™ must be treated perturbatively. It can also be shown that diagrams
containing graviton loops are supressed by powers of % relatively to tree diagrams, what enforces

the fact that effective theory is perfectly suitable to describe classical physics.

2.1.5. Feynman rules

In this formalism, all observables are derivable from either the effective action for the point-
particle Scfyf[24] defined in (2.5) or from the NRGR action for the radiation graviton mode

SNRGR [ma,ﬂ in (2.37). We can summarize some immediate rules in the following way:

o 1Serf [44] is the sum of Feynman diagrams that remain connected when all particle world-

lines are removed.

30nly the first diagram in Fig.2.1 contributes to the potential, since the other two vanish in dimensional regu-

larization
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2. NRGR I: conservative sector

v0 vl
(a) (b) (©
Figure 2.2.

o There is no propagators for the "field" z# (1) because they are treated as background

whenever gravitons are considered.

e A term with n power of the radiation field EW in iSNRGR {ma,ﬁ} is equal to the sum of

Feynman diagrams with n external radiation graviton lines.

e A internal potential graviton line with label momentum k and connecting points at time
xo and z{, corresponds to an insertion of (2.46). We can also choose to work with the

propagator in coordinate space as well:

3, 31,
(Hy () Hog () = / (Zﬂk)sezk-x / (Z;;gezk X (Ho (K, 20) Hag (K, ). (2.53)

e An internal radiation graviton line connecting two points z and y denotes an insertion of

(2.26).

e For each external radiation line starting at a vertex located at a spacetime point x, one

includes a factor of the radiation field Ay, (z) and an integral [ d*z.

Because of the expansion in the weak field, the action has an infinite number of interaction
vertices. In what follows, we write the rules regarding the potential gravitons®.

Let us first discuss the Feynman rules arising from the insertions of the point-particle inter-
actions. Consider the term below belonging to the point-particle action:

m

S

pp(Hoo) —

— dt H, . 2.54
S 0o (z) (2.54)

Re-writing Hoo () = nuon.oH" (x), we see that the Feynman rule for this term, represented in

Fig.2.2(a) is simply

m
— dt . 2.55
ompr / Moo ( )

4The rules presented here will be used in appendix A to perform the calculation of Einstein-Infeld-Hoffman
Lagragian. It is an illustration on how potential gravitons can be integrated out to get the first PN correction

to the Newtonian theory.
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2.1. Non-spinning bodies

L —

Figure 2.3.

Similarly, the term represented inFig.2.2(b)

m .
Spp(Hoiv) = T mp dtHo; (z) v* (xo) (2.56)
leads to the rule
m )
- dtv"' (.11?0) 5i,u771/0- (2.57)
mpi
There are also non-linear terms such as
m

Sop(H30) = Gmpy | FHH00 () Hoo (2). (2.58)

The Feynman rule in this case, as depicted by Fig.2.2(c) has two identical terms which arise

from the two independent ways of contracting the two fields in the interaction with the external

graviton lines:
m

dt . 2.
I M0Mw0M0a08 (2.59)

These are examples of vertices arising from the interactions involving the point-particle
sources, but we need also to consider the n-graviton vertices which come from the expansion of
the EH action in terms of the weak field. Consider now the cubic terms in the graviton field
which give rie to the three-graviton vertex (Fig.2.3). They come from many terms in the ac-
tion. For instance, consider the second order terms coming from the metric and the determinant
multiplying first order terms coming from the curvature.

Concerning the metric, we have to notice that if we consider g, = 7., + :Ln‘;:l and impose the

condition

Guwg"’ " = 5;‘, (2.60)
we can see that it implies

hHv hHap v h”ahaﬁh v
o By (2.61)

Vo v
g =t — 5
mpi Mp; mp;

As we know,
h n h? W hy
2mpy Sm%l 4m%l

T (2.62)
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2. NRGR I: conservative sector

and putting together, it ends up as:

np,Vh np,uhQ nuyhaﬂhaﬁ hHv hH* b v h2 s
w_ v _ - _ — — — h*"h,,
V99 T 2mp;  8m, 4m3, * mpy 2m2plpl 4m3, \ 2 g
(2.63)
Schematically, we have
(V99" hoy = 1", (2.64)
1 /n™h
iz - N7
(\/gg )(hl) = mpr ( B h ) s (265)
. 1 n,ul/h2 nwjhaﬁhoz,@’ .
(V99" )(m) = Zm%l ( 1 B —h"h . (2.66)

Similarly, we can also organize the terms in the connection by orders of the weak field:

1

Oy () = g™ @b+ 0 — Db (2.67)

M (h?) = . dyhgy + Ouhg, — dgh (2.68)

o ( )—_Qm%l(uﬁu"‘uﬁv_ﬁw)a :
h)\ah B

, (h?) = © (dyhgy + Ouhpy — Oghu) . 2.69

,uu( ) 2m‘3],3l( 5M+#5 5#) ( )

o Contribution (\/gg)(hQ) R(hY)

Taking the curvature term linear in the graviton field

1

(1) — 2 o a a
R = 5o (0*hy + 0,00h — 0u0ah,* — 0,00h,>) (2.70)
we can write, for instance,
’I’]'U‘VhQ nuuhaﬂha .
SEH[g(hQ)R(hI)} = —/( 1 _ 5 B — hM R Rl(}y)dzlm. (2.71)

« Contribution (\/ﬁg)(hl) R(h?)

Consider the terms coming from the second order terms in the curvature multiplying first order
terms of the metric or determinant. The connection has contributions linear and quadratic in

the field, we may write the curvature tensor as
Ry, (h2) = 0T, (12) = 0, (B2) + T3, (R 5, (n1) = 10, (B) T2, (RY), (272)

yielding
1
SEH[g(h)R(h)] = —MPI / (th“” - h“”) Ry (hQ) d'z. (2.73)

o Contribution (\/gg)(ho) R(h3)
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2.2. Spinning bodies

For this contribution we take the terms cubic in the field in the curvature tensor,

R (%) = oarp, (1%) = 0,00 (12) + T3, (R2) Tgq (B1) + T3, (1) T3, (12)
16, (BT, (h') = 15, (K1) T2, (h7) (2.74)

what leads to
SEH[g(h)R()] = —2MPy /n‘“’RW (h3) d'z. (2.75)

Taking into account the specifications above, the total contribution to the three-gravition

vertex comes schematically from:

SEm (hg) = —Qm%l/d%} |:(\/§gﬁw)(h2) (RHV)(hl) + (\/.ag#y)(hl) (RHV)(hZ) + (\/.ag'uy)(h()) (RMV)(hS) .
(2.76)

As an exauting algebra would have to be performed in order to write this rule, it is convenient
to use computational tools to make this evaluation. We wrote a code in Mathematica using the
Feyncalc package to get

(2r)°
dmpy

(7 {H (1) HR (w2) HYS (w5) }) =~ (b1 — £2) 8 (11 — t3) 0 (Z ki> 11 P S K
i J k

’ (2.77)

We recommend the reader to go through appendix A for an illustration of the EFT usage.

2.2. Spinning bodies

At the end of the previous chapter, we introduced spin in General Relativity by including
tetrads to describe the particle’s rotation. Now we treat spinning bodies from the EFT perspec-
tive, presenting the power counting and Feynmann rules associated to them. The calculation of
the leading order spin-orbit potential and the acceleration derived from it are presented. More-
over, we also discuss how to handle the spin supplementary conditions in the computations of

the equations of motion.

2.2.1. Scaling

In order to treat spinning bodies via an EFT framework, we need to know precisely how the

spin degrees of freedom scale. Let us concern the spin condition:

S0 = kST (2.78)
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2. NRGR I: conservative sector

where k = 1,% for covariant and Newton-Wigner choice, respectively. The condition above
states the temporal components of the spin tensor is a half-PN order higher that the spatial

components, given that the latter are expressed by

S R
St = 56”’“51’“. (2.79)

As we are interested in compact objects, the moment of inertia is proportional to the Schwarzchild

radius

Is ~ mr? (2.80)

implying

S = IsQ) ~ mupetrs. (2.81)

For maximal rotating bodies v, < 1, what makes spin scale as
S ~ Lv, (2.82)

where L ~ mrv, = ~ v? and v is the translational velocity of the compact bodies. We can
see, thus, that the spatial components of the spin are a half-PN order higher than the angular

momentum. This subleading character of the spin allows it to be treated perturbatively.

2.2.2. Feynman rules

To obtain the Feynman rules we expand the metric around a Minkowski background, g,, =

huv
Nuv + mLP, what leads to

1 1
el = b1+ 50 (h”# - 4}@}@) o (2.83)

Plugging this expasion into (1.52) and collecting only spin dependent terms, we write a

Routhian representing the interacting spin-sector of the binary systems of compact bodies,

1 caeB ab L gy (1 ab
Rspmzméa(%@ghmu”s —I-m%léa(sgh7 iauhﬁ,\+(95hu>\—a)\hug utS (2.84)

1
- mRmasmuusa%g + ...

from which the Feynman rules can be read. Using the PN expansion present in the previous

chapter, regarding the gravitational field split into the radiation and potential modes, we can
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2.2. Spinning bodies

read for instance the spin insertion up to 2PN order [45]:

1 .
RN = 5—0kHioS™, (2.85)
2my, !
1 o
RISEN = py— <3kHz’jSZku] + 8kH0050k) ; (2.86)
P
1 ) . 1 .
RYFFR = <8kH0jSOku] + aDHiOSZO) + 55 (ijaiﬂm - ijﬁkH0i> . (2.87)
p p

2.2.3. Finite size effects

In this EFT framework, finite size effects are included to correct the divergences that appear
due to the point-particle approximation. This is done by writing the most general action re-
specting the symmetries of the theory - diffeomorphism and reparametrization invariance. For

instance, we can add terms in the point-particle action (2.17) such as
SQE = B dTQEEij> (2'88)

where E;; is the electric component of the Weyl tensor E,, = Wl,guo‘uﬁ and Qg is the associ-
ated electric quadrupole moment. We can also consider a similar term for the action regarding

the magnetic components of the Weyl tensor®, just by changing E;; — B;j. The quadrupoles

E(B) " which depend on time, can be split into two different components. There is a back-
1] ) p p p
ground piece which accounts for the short-distance contributions in the absence of external

perturbations, and there is a response to long-wavelenght probes:
E(B) _ [/ HE(B) E(B)
Qi = <Qz‘j >S + (Qz’j >R' (2.89)

The first term is the background piece and (...) represents the expectation value computed
in the background of the short modes. The response encodes tidal effects [45,89,90], which we
will not discuss here. The background piece is proportional to the spin squared of the compact
objects. To the order we are interest in this thesis, we consider only the electric part of the

quadrupole moment. The body’s own rotation produces a quadrupole moment given by [91]

(QF), = Cps25™*8,) (2.90)

gl 2m

Regarding (2.90) in (2.88), we can write the potential - presented in the next section - which

address the leading order finite size effect.

33



2. NRGR I: conservative sector

(a) (b)

Figure 2.4.: Leading order spin-orbit interaction. (a) In this diagram we take into account the

v! mass insertion and v? spin-graviton vertex. (b) In this case we take the v3

spin-graviton vertex.

2.2.4. Potentials at leading order

As an illustration, we perform the derivation of the leading order spin-orbit contribution using

(2.85) and (2.86), which comes in two pieces as it is shown in Fig.2.4, such that we can write

_ 3 —ip(x—y)
Fig2.4 = 4”22 /dtdt’ d I;,)aﬂ <e — 5(t—1t) Poeow) SPu (t)us (1) (2— 65).  (2.91)

mpy (2w
Using
/ PBp e PEY) 1 (2.92)
(2m)®  p* 4w’ '
and ignoring the time derivative which will give a higher order term, we have
1
Fig2.4 = —i2m90; /dtrPOGMSlﬁauY (t)us(t) (2 —5) (2.93)
— i2ms / dtgpomsfau} () us (£) (2 — 65)
Fore=0,a=1,v=k,
: rj [~k il ) T ik
22’m2/dtr; <2> Situf (t) = —zmg/dtrgS{ uy (t). (2.94)
Fore=1l, a=k =0,
. rs (MK ik . 5 ik
i2mo /dtrg* <2> S7%ul (t) = 22m2/dtr§5{ ub (t). (2.95)
Fore=a=v=0,
i2m2/dtrj <1> 540 :img/dterjO. (2.96)
r3\2) "1 P31

5We will discuss in the next chapter why it is convenient to use the electric, as well as the magnetic, component

of the Weyl tensor.
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2.2. Spinning bodies

Taking these pieces together, and using Euclidean metric and considering the proper time as

the worldline parameter, we have
W = / dtng =Sk ) + 280 (1) - S| +1 e 2, (2.97)
hence ‘
Vso = mQ:—; [S{kv’f —259kvE 4 S{O} +1e2. (2.98)
Similarly, by considering (40) twice, the spinl-spin2 leading order potential reads

1
Vsng = —r—s [Sl -S9—3 (Sl . f‘) (SQ . f‘)] (2.99)

and, going further, the analysis of finite size effects gives the spin-spin leading order potential:

my (a 1 3
Ve = = % oo Ofth | 582 - 5 (8- (2:100)

3
o 2my, r
The leading order spin accelerations can be readily derived from these potentials:
1 0 1 o
agy = 3{Gn [(nxv)- <2S+m2>] -V X (7S+3m2> + 37 {nx <3S+m2> },
T m m m
(2.101)

in the covariant SSC,

aNW:i §n (nxv)- 7S—|—35—m2 —V X 7S—|—35—m2 +§7'" n x 7S—|—35—m2 ,
S0 73 2

2 m m m
(2.102)
in the Newton-Wigner SSC,
3
ag,5, = _W [Il (Sl . SQ) —5n (Sl . Il) (SQ . n) +S; (SQ . n) + S5 (Sl . n)] , (2.103)
and )
3mo C 1

K#Q

We recommend the reader to go through appendix B where we compute the spin-orbit accel-
erations and discuss the SSC issue. In particular, there we show how to go from one choice to

another.
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3. NRGR |I: Radiation sector

Describing the evolution of a binary system of compact objects in NRGR is achieved by in-
tegrating out the gravitational perturbations from the action. This is accomplished by solving
for the gravitational perturbations and substituting these solutions into the original action re-
sulting in an effective action for the worldlines of the binary, which is efficiently carried out
using Feynman diagrams. This procedure is well-suited for conservative interactions, such as
for computing PN corrections to the binding potential of a compact binary. However, when
investigating non-conservative processes, such as the inspiral of a binary due to the emission of
gravitational radiation, this procedure requires modification since dissipative systems generally
do not admit Lagrangian or Hamiltonian descriptions. In this chapter we show how to investi-
gate radiation reaction using the formalism developed in [74], which generalizes the usual action

principle to handle dissipative dynamics by doubling the number of degrees of freedom.

3.1. Multipole Expansion

The radiation sector of NRGR has been further developed and explored beyond the leading
order in [33], where the general form of the action for the radiation sector was constructed.
Its form is determined by the underlying symmetries, reparameterization invariance and dif-
feomorphism invariance, and is applicable to arbitrary gravitational wave sources in the long
wavelength approximation. This action of the effective long wavelength radiation theory is in
the form of a multipole expansion and is a derivative expansion where higher order terms are
suppressed by powers of the ratio of the size of the source over the wavelength. The Wilson
coefficients of the action, the multipole moments, are not determined by the symmetries and
need to be fixed through a matching calculation.

Multipole expansion is a tool that has been used not only in Electromagnetism but in gravita-
tional wave physics as well [92-94]. However, in both cases it is commonly applied at the level of

the solution of the equations of motion for the fields. Here, the multipole expansion is considered
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3. NRGR II: Radiation sector

at the level of the action by Taylor expanding the radiation modes around a point lying within
the source, what leads to a uniform power counting [95,96]. Multipole expansions are related
to the underlying rotational symmetry of the physical laws. Even in the cases which the source
terms may not be symmetrical, one can expand them in terms of irreducible representations of
the rotational symmetry group. It makes calculations simpler and more transparent and it also
ensures the absence of mixing of multipole moments for example in the energy flux in a linear
theory. Performing the multipole expansion in the NRGR framework includes a decomposition
into multipole moments which are in irreducible representations of SO(3), where we use sym-
metric trace free (STF) tensors. This approach, which we present here, was formally developed

in [34].

3.1.1. Scalars

To illustrate how to perform the multipole expansion at the level of the action, let us first
consider the simplest case of a scalar field ¢ coupled linearly to a source J, i.e. let us regard
the binary system as being described by scalar gravity. As in electromagnetism, if the particles’
positions and velocities do not vary too rapidly, the typical wavelenght of the emitted radiation

L implying A.qq > r. This allows us to treat the system as a single localized

is given by Ayqq ~ 4

source endowed with a series of multipole moments, whose effective radiation action can be

written as
ra 1 ) 1]
St — 7 / dt (J(O) (£) & (t, Xem) + Ty (8) 036> (£, Xem) + J 33y (£) 9ijb (£, Xem) + ) ,(3.1)

where X, is the centre-of-mass of the bound state. To understand what are these J(zrll)“‘ (t)
- or Wilson coefficients in the EFT language - it is necessary a matching procedure. For this

purpose, we write the multipole expansion for the scalar fields
. 1 4 .
o (t,x) = ¢ (t,Xem) + (X — Xem)' 05 (£, Xem) + 5 (X — Xem)" (X — Xem)? 0:05¢ (8, Xem) + ... (3.2)

and plug this expansion - we are free to choose the coordinate system such that x.,, = 0 - into

the non-effective interaction action J¢:

/ '] (z)6(x) = / it [( / P (t,x)) 6(t,0)+ ( / &2 (£ %) x> 0,6 (£, 0) +} (33)

what allows us to read off

leln(t> _ M¢/d3$<] (t’X) Xil_,.xi"7 (34)

n)
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3.1. Multipole Expansion

where 4, corresponds only to spatial indices. We write this same expression in a more compact
way:

Iy = M¢/d3xJ(t,x) x, (3.5)

In order to bring the source action into the form of a multipole expansion we need to decompose
the moments (3.5) in irreducible representations of the rotation group SO(3) for which we use
symmetric trace free (STF) tensors. We can see that these moments are already symmetric in

their indices. When they are written in a TF form, the effective action becomes [34]
=1
Srad = / dtl;ﬁﬂam, (3.6)

with the multipole moments defined by

= 20+ 1)! 9
L — ( 3o |5 |2P L p _
3 G [ 0 (1), (37)

whose normalization is chosen such that for p = 0 we have

I = /d3xJ (t,x) x5 p. (3.8)

With the general expression (3.7), the power loss can be computed to all orders. The amplitude
[97]

— ) l
iAD = z’(“l)ILkL, (3.9)

must be considered at the generalized formula of the energy flux by taking its modulus squared

in a time average and integrating over momentum, yielding

dE & 1 d+t L\’
dt g Al (20 + 1) <<dtl+II ‘ (3.10)

3.1.2. Gravity

The same idea presented last section is used in NRGR in order to obtain the multipole
moments necessary to calculate the power loss in the binary system due to the emission of
gravitational waves. We can express the action in terms of manifestly gauge invariant operators
by including in operators consistent with the symmetries. In General Relativity, the gauge
invariant quantities are the Riemann tensor, the Ricci tensor and Ricci scalar and their covariant

derivatives, but due to vaccum equations of motion only structures involving the Riemann tensor
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3. NRGR II: Radiation sector

- or rather the Weyl tensor - yield physical terms which can contribute to observables. For our

purposes, it is convenient to work with the electric and magnetic components of the Weyl tensor:

Eij = Roioj, (3.11)

1
B;j = ieimnRijna (3.12)

where we chose to place the centre-of-mass of the binary at the origin and at rest with respect
to distant observers. With this, and regarding the binary system as a source of long wavelenght

gravitational waves, the effective radiation action can be written as

21

L . .
WJ () Vi-2Bi i | (3.13)

Ta 1
sefg = —/dT [M ) —> ﬁILvL_QEZ-HiZ +
=2

where M (t) represents the binding mass/energy of the binary system. Note that the multipoles
I* and J% include contributions from the spin. We need to determine the electric and magnetic-

type multipole moments by matching with source action presented in the last chapter

1
2mpy

/ d* T hy,, (3.14)

which represents the coupling between the short-distance modes and the radiation field. After
Taylor expanding the radiation modes
By () = 3 %xNaNﬁW (t,0) (3.15)
n=0
and plugging back into (3.14), we can determine the multipole moments (after an extensive use
of relations which follow from the conservation of the pseudo stress-energy tensor as well as the

wave equation) [34]:

7L /dsxi (20 + 1! {(1 L8 Upt 1)> [T 2

< 2p)1 (20 +2p + LI (+1)(1+2)

+<1+<l+1)(l+2)>[607 - () (1 225 ) [ om st

2 p n D ,mn
+(mraeg) BT g (310

STF

which are the mass moments whereas the current moments are

L 3 = (21—'_1)” 2p kiymn o2p4-0m 2p .nL—1
/ ‘/d";)(zp)n(zzmpﬂ)u Y T x|

STF

1 kymr o2p+1 n 2p _nrL—1
_(z+2> [chemrggriimn peprrrtt] L (3.17)
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3.1. Multipole Expansion

We can write, for instance, the leading order and next to leading order mass and current

quadrupole moments, as given bellow:

I = / BxT [xixj]TF : (3.18)

. 4 . 11 .. .

1 3 s ——400,2 1]

14 —/d X(T 3T0x + 427'0 X ) [xx }TF’ (3.19)
iy 3y | ik Ok j K

Joy = /d X [E TO%xIx }STF’ (3.20)
g , 1. , 3 ..

L/ 3 ik [~ glmj k,m | 2 gik,i2

J(l)—/dx[e (28T x/x"x +28T xx) o’ (3.21)

whereas the leading order octopole moments read as

I9F = / d*xT* [x'xIx"| . (3.22)

ijk 3 iml -0l K
J(Z(J]) = /d b [6”” TYxmxIx }STF' (3.23)
The probability amplitude to emit a graviton can be written as
Ay = S (i) {1# (k) k52 k|2 Fokee (k, )
2mpl I—2 ! ’
21 . g 4
JE (|k|) KIE72 k| eldhi-1ghix (i h} 3.24
! (KD A2 K ke e | (320
where the polarization tensors obey [33]
y 17 .., . . y 1, .. o
> e (k,h) e (k, h) = 3 [5““5]’ + §ilgik — §ii gkt — o (5’Jkkkl + 5’“1&1@) (3.25)
h

U ik ind | silpink | siknind o siluisk Lo i ikl
—P(é Kkl + 6kIKP + 7R KK +5ﬂkk)+gkkﬂkk

in the transverse-traceless gauge. Upon squaring of the amplitude, summing over polarizations

and momentum, we find

diE [ (+ni+2 A AL (1 +2) A1 g\ ?
dt _l; L —1) @+ )\ \ a+? Teenary@r o\ e ’
(3.26)

or, likewise, it can be expressed in a more explicit form:

dE 1/ (Bri\?\ 16 /(dcsi\?\ 1 [ (dirie\*\ 1 ) [dlgik)?
—— == | == +—={ | == += (| + | + .y (3.27)
dt 5 dt3 45 dt3 189 dt 84 dt

which is the energy flux to all orders in the multipole expansion. Note that the moments

presented in this general expression for the power loss are the complete moments. For instance,

the total mass quadrupole moment includes all PN corrections:

I =Ig + 1)+ -y (3.28)
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3. NRGR II: Radiation sector

so that the mass quadrupole contribution to the power loss reads

N2 i ) 1] ij ] ij
U/ (N 1 Ly Bl \ /Ty TG\ TG TG (3.29)
5 a3 5\ dt3 d3 a3 de3 a3 de3 '

and the same follows for the other multipole moments, including spin contributions. This means

that we need a power counting to determine what multipole moments are necessary to evaluate

the power loss for the binary system to any given PN order.

3.1.3. Moments

Ignoring non-linear gravitational effects, at leading order we can use (2.20) instead of the
pseudo tensor. As to all orders, we can read off the stress energy pseudo tensor by calculating

all diagrams with one external radiation graviton leg. With this, we find, for instance,
Z] _ Zma {x XJ] : (3.30)
” = Zma [2 vaxhx) + 4;;; (XZXQX&) - %% (Xa . vaxflxg)]TF
= @ [XQX?;} - (3.31)

J(Zg) = Zma [(xa X va)ixﬂ (3.32)

STF’

; MgMm 11 ;4
” = E Ma l (Xq X Vg)' XZ;| +5 ar b {2 (Xq X V) ' xI — T (xp X vo)'x] (3.33)
STF a,b

2 (xp X Va)' xI + (x4 X V)" xi +

—4( — (X4 xxb)iv{;+va'r(xa X xp)" (xj —i—xb)}

4 47"2 STF
28 7 lz Ma (Xq X V) (3xgv£ — X - Vaxfl) (3.34)
mem
+ Z ; 3 bxZ (xq X xp)’ <6x2 — TXq - Xp + 7x2> , (3.35)
a,b STF
”k Zma [xax{l G}TF’ (3.36)
”k Zma [ Xq X Vo) xIx ﬂ I (3.37)

To write multipoles with spin contributions, we consider the Routhian (2.84) expanded in
terms of the weak field. Splitting the gravitational field into the sum of radiation and potential
modes we get the Feynman rules linear in spin, some of them are shown in the second chapter

in terms of the potential fields. Some of the spin induced multipole moments were computed
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3.1. Multipole Expansion

and discussed in [98]. We write below the moments required to compute the leading order spin

effects in radiation reaction of binary system which will be presented in next chapter:

ij 2 i . 4 i
=3 (205 ) (vax Su)'xd = 5 (xa xS0 . (3.38)
1] — Qe
IS2(0) - ; me [Sasa} STF’ (339)
. 3 o
) — et 7
T50) = Za: 5 |Sixi)] o (3.40)

where Kk = 1, % when we choose to work on covariant SSC or Newton-Wigner SSC, respectively.

ngz are coefficients describing short-distance physics at the scale rg, this finite effect arises

from the coupling
CE52

RYg = — Di0jhooS™* Sk, (3.41)

mm pj

which comes from a self-induced term in the Routhian [52]. An extensive list of multipole
moments with and without spin, as well as the couplings that are necessary to computed them,
is presented in [91].

It is straightfoward to perform the power counting of the multipole moments, once we know

from the last chapter how each of the particles’ quantities scale. Hence, for the mass moments

we have
IZ(J)) ~ mr?, Id) ~ mr?v?, Iéé) ~mrd, Ig(o) ~ mrv3, I;‘j?(o) ~mrivt,  (3.42)
whereas for the current quadrupole moments:
J(ié) ~ mr?v, J(i{) ~ mry J(Z'g;f ~ mr3v, Jgj(o) ~ mr?v?. (3.43)

With this power counting we are able to tell what multipole moments are required to computed

the power loss, for instance, to any desired order.
3.1.4. Leading order power loss due to spin

Spin-orbit

From (3.27) we can write the leading order spin contributions to the power loss of the binary
system. Let us consider, firstly, the spin-orbit effect. In this case, we have to consider the leading

order mass and current quadrupole moments with and without spin, in the following way:

dE\ 1@ meN L b aen | 16 7 i) i6e)
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3. NRGR II: Radiation sector

where in the first term, the second time derivatives of the position with respect to time have to
be reduced using the spin-orbit acceleration. The leading order spin mass quadrupole moment
Igj(o) depends on the SSC. We wrote a code in Mathematica, using with the package “Xtensor"?,

to compute the time derivatives of the multipole moments, yielding

dE\  8m3v m m
it = — |(L-S) (12— 372—27'2> L- (—4 432—51'2)] 3.45
(5. =T [@e8) (122 +3m? — 72 )+ (L) (42 +430% =512 | 349

dENNY  8m2y m m
— =—— |[(L-S)(12— +37 2—27'2> L- (8 19 2—18'2” 46
(dt>so 1576 {( )( " + 37v )+ (L-€) . + 19v ), (3.46)

where

S =5 +8,, (3.47)
m m
£= -8 +—8,. (3.48)
ma meo
These results agree with [85] and [84], where the power loss was computed using other methods.
Spin-spin

We can also compute the leading order energy flux due to spin-spin effects, which is given by
dE — 1 ij(3) 7i4(3) 1 15(3) 745(3) 16 ij(3) 745(3)
<dt>ss -5 {1671 ) = 5 (1) Tsh)) 15 (T50) 750y ) (3.49)

where again the first term accounts for reduced contributions. However, in this case, we have
to consider also the spinl-spin2 and spin-spin accelerations given at the end of the previous

chapter. We can then separate the spin-spin contributions to the energy flux into parts:

dE dE dE
(dt>SS B (dt)slsg * (dt>52 ’ (350)

where

E 4m?
(iﬁ) = 1’;;’{ —3r2(S; - S,) (471}2 - 55%2) +3(S1-7)(Sy-7) (168@2 - 2697*2)
S$189

+ 1717 ((Sl . 'P) (SQ . ’U) + (Sl . ’U) (SQ . ’l")) - 71 (Sl . 'v) (S2 . ’U) }, (3.51)

www.xact.es

44



3.2. Radiation Reaction
and, in agreement with the literature [85,99], we have

dE 2miy? , (8% 83 9 .2 o (S1- T)2 (82 - 7")2
<dt>52 =~ I5s {37" <m% + %) (U + 3r ) + 97 m% + m%
(

m

) ngzmg{TQSg (1202 = 137%) +2(S, - 7)” (~210° + 3472)
a#b

— 2977 (Sq - 1) (S, - v) + 612 (S, - v)° } (3.52)

We will use these results, both spin-orbit as well as spin-spin effects to the power loss, in the
next chapter, for the consistency test. In other words, we will compare these results with the

power loss computed from the results that we will obtain for the radiation reaction accelerations.

3.2. Radiation Reaction

3.2.1. Formalism

Computing radiative effects in the EFT approach presents a unique challenge since the for-
malism makes heavy use of an action formulation of the binary system. It is well-known that
Lagrangians and Hamiltonians are not generally applicable to dissipative systems. In [37] it was
indicated how this might be overcome employing a language and notation from quantum field
theory. A formal extension of Hamilton’s variational principle was presented in [74] that yields a
Lagrangian and Hamiltonian formulations that suitably and correctly describes dissipative (and
also conservative) systems 2.

The total system formed by the gravitational perturbations %/, and the worldlines of the com-
pact bodies, z# with a = 1, 2, is closed. Only when the gravitational perturbations are integrated
out is the dynamics of the worldlines open. When integrating out the long wavelength pertur-
bations at the level of the action one have to be careful when applying Hamilton’s principle of
stationary action to the effective action since it is formulated by specifying boundary conditions
in time, not initial conditions. If we follow the usual Hamilton’s principle, the resulting effec-
tive action for the worldlines would describe conservative dynamics, the Green function for the

gravitational perturbations that would appear in the effective action would be time-symmetric

2We recommend the reader to go through appendix C, where we present the main aspects of this formulation in

the context of Classical Mechanics
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3. NRGR II: Radiation sector

(as these are the ones satisfying boundary conditions according to Sturm-Liouville theory) and
hence do not account for the dissipative effects of radiation reaction.

To overcome this problem, one formally doubles the degrees of freedom so that

h,u,z/ — (h,u,ula h,u,l/2) ; (353)

Xq — (Xal,Xa2) (3.54)
and then constructs the effective action
S [Xala Xa2, h/,LI/la h,uz/Z] =S [Xala h,u,z/l] -5 [Xa27 h,uu2] » (355)

where each action on the right side consists of the gauge fixed Einstein-Hilbert action together
with the point particle action. Integrating out the long wavelength gravitational perturbations
using Feynamn diagrams at the desired PN order gives the effective action for the open dynamic
of the binary’s inspiral. After all variations performed, the physical limit has to be taken, i.e.,
Xql,Xq2 — Xg. It is convenient, however, to work with another set of variables, which are given
by

Xal + Xa2

SR (3.56)

Xa+ =

Xgq_ = Xgl — Xg2- (3.57)

This change of variable is motivated by the physical limit that now becomes x,_ — 0 and
Xqt+ — X4. Finally, by computing the following variation

0Sest [X14,Xo4]
0Xq—

= 0 (3.58)
p.l.

we obtain a set of worldline equations of motion that properly incorporates radiation reaction
effects.
The relative acceleration, a = a; — a9, for a spinning two-body system can be expanded in

terms of PN corrections:
a=ap+ta;t+ays+as+tays+asgtass+as+ags+ ..., (359)

where the numerical labels represent the PN order of each correction. The first term ag is the

Newtonian acceleration,

mr

- (3.60)
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3.2. Radiation Reaction

where m = mj +mo and a;j is the 1PN correction that can be derived from the Einstein-Infeld-

Hoffman Lagrangian computed in chapter 2, which can be written as

L m_(a-rr f ‘
a = —B+4+v)—a—mv (1-3v) a2—|—v(a V) (3.61)

r r3
—:;{: [—T—i—;(l—i—y)vz — 2777'"2} —vi‘(?)—&—v)}.

The third correction comes at 1.5PN order and represents the spin-orbit acceleration aj s,
given by (2.101) or (2.102) depending on the SSC choice. The 2PN correction ag, in turn,
accounts for conservative effects which in part comes from the spinl-spin2 (2.103) and the spin-
spin (2.104) leading order contributions, but also has terms that independ on spin. The first
dissipative effect enters at 2.5PN order, which is due to radiation reaction. The 3PN correction
is due to conservative effects, but the terms which follows after that have corrections due to
dissipative effects. In particular, spin enters at radiation reaction at 4PN order for spin-orbit
interaction and at 4.5PN order for spinl-spin2 and spin-spin interactions, as we will present in
the next chapter.

In the next two sections we show how to compute the leading order and the next to leading
order radiation reaction forces at 2.5PN and 3.5PN orders, respectively. To accomplish this, we
use a Routhian written in terms of multipole moments that accounts for the dissipative effects.
At leading order in Newton’s constant, after the gravitational perturbations are integrated out,

the effective action

iseﬁ[wgi)]zz :(SL ’ :&: (3.62)
Z22 IL IL JL JL

gives the Routhian that describes the non-conservative dynamics

o (—1)"*! (l+2)/ 21 (1+1) L(20+1) 23 L(20+1)
/dtReff_ZE; - dt l(21+1)L (t) I (t) + (21+2)!J* (t)Jy )],
(3.63)
which can be also expressed by
Ropylre] = —~19 (1) 196 _ 16 g () g1 _ L pisk oy ik (3.64)
570 457~ + 189"~ + ’

where the superscripts (n) in the two last equations represent the number of the time derivatives.
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3. NRGR II: Radiation sector

3.2.2. Radiation reaction at 2.5PN order

Using the power counting presented previously, we can see that the lowest order for radiation

reaction comes by simply taking the leading order term for the mass quadrupole moment:

/dt[” (£ I ~ (7"> mir2 <”>5mr2 = LuP (3.65)
(0)— 0)+ v r ; .

which we can see scales as a 2.5PN order term in the effective action. Then, we take the leading
order mass moment given in (3.30) and write it according to the formalism for non-conservative

system, i.e., doubling its degrees of freedom:

I, =mv [rﬁrﬂ”, (3.66)
I, =mv [rgrg]” , (3.67)
where r = x; — X3 is the relative position and v = ™32, Changing to the £ variables, i.e using
r; =ry + 5 and ry = ry — 5 regarding
I(’é)_ = I(zé)l — 153)2, (3.68)
R AR
ij  _ (0)1 (0)2
I(O)Jr =5 (3.69)
we get
I(ig)_ =mv [rfi_rj_ + ri_ri}TF, (3.70)
ij i
19y = mv [rirJTF . (3.71)

n "

Note that terms of quadratic or higher order in the variables can be ignored because it
will not affect the equations of motion when the physical limit is taken. Thus, we consider the
Routhian

1 7, 15 (5
Regslrs] = 51(3) R (3.72)

in (3.58) to obtain the leading order radiation reaction acceleration:

i 2 jri
a5 = 75T ]I((J))( ) (3.73)

3.2.3. Radiation reaction at 3.5PN order

Using the power counting, we can see that the next correction due to radiation reaction comes
from the terms

1 .. iy 16 iy 1 . iy
ij i5(5) ij i5(5) ij i5(5) ijk ijk(7)
/ dt [—51(0)_ OF IR N OF U O U=y L ) st B ERZ)
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3.2. Radiation Reaction

in the effective action. These terms scale as Lv” and therefore constitute a 3.5PN correction.
Following the same steps presented in the previous section, we write the moments doubling the

degrees of freedom

Ig)_ = [mu (1-3v) g {Vﬂrvﬂr (rirj_ + ri,ri) + 2vl+vl,riri+} + (3.75)
2 . . . . . .
+mv (1 —3v) %% {rl_s_rﬁ_ (rf‘_r]_ + r’_ri) + Qrfkrl_r:_rj } +
—mv (1 —3v) %% { Z_vl+ (ri_rj_ +riyd ) + (rﬁ_vl_ + rl_vl_F) riri_} +
) N v ) i v
IR YRS RS SOOI
o+ 55 vy — 5| -
g 3 o 11 d? o
I(Z{H_ = lmu (1-3v) 3 {vﬂ_virﬂ_ri_} + mv (1 — 3n) DR {rl_i_rﬂ_r:_rﬂ }
4 o
—mv (1 —3v) 5% {rl_kvz_rﬂrr] } (3.76)
_vlmmd) [+ ) ek (e = )
2 et + 7 v =7 e

whereas for the mass octupole moment and current quadrupole moment we have, respectively,

[Zg;“_ = —vém [rirﬁrrj_ il 4 rirﬂri}TF, (3.77)

Loy = —vom [r+rﬂrrﬂTF, (3.78)

J(ié)_ = —vdm [(r+ X v+)i v+ (ry x V—)iri + (r— x V+)i rHSTF‘ (3.79)
J%)Jr = —vom {(r+ X V+)irﬂ STF’ (3.80)

where dm = mj —mg and v = v —va. Regarding these multipoles in (3.74) and then computing
(3.58), we get

a35 = Amg T Amo T Acqg T Ared, (381)

where

mq

m 2 mi.j 7(5) 3 (5) m r"r'r) mi_.j
a ——35 r]Iij(l)—inj(O) §(1—2u) 2 —26™'r!

1 mi g me,i. muid 250 M

(1-3v) (a r'r) +v"'v'r) +v'r'v’ — o' )]STF (3.82)
L 6 i SMj m.i..j m, 1]

- 1—511.(],()0) [(1 — 3v) {8 (r-v)r'o™ —9v™r'r) — 8r"v rJHSTF
1 [ {11 o iomi 1T H

—-I. 1—-3v)q —=rrd — —r"r'r/ 3.83
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3. NRGR II: Radiation sector

for the mass quadrupole contribution,

Om (@) [ i smk
mo i..J Sm
Amo = T ga 1 Fijk(0) [r r'o }STF (3:84)
from the mass octopole part,
160 1 (5) [ itk 1k smj imk Gk _ _ilml_j (6) [ ilml.j
m o _ ) mj imk_.j _ im J _ ilm 7
A =~ 4 [Jij(o) {e r'vie™ 4 2™ rIvE — "Mrlv }STF Ji(0) [e r'r ]STF} , (3.85)

for the current quadrupole, and there is an additional contribution

, 2 sy 2
avz"ed = —grjlzé§ ) + g

(3+v) %N&’k + %rjrkrl +(1-3v) (rjézkz; + Vlrjv"C)] I((g’))kj,

(3.86)
that comes from reducing the accelerations that appear at (3.73) by the 1PN acceleration (3.61)
and the reverse (i.e., replacing the second time derivatives of the position, which appear in the

1PN acceleration expression, for the 2.5PN acceleration), which results in a 3.5PN correction to

the total acceleration.
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4. Spin effects in radiation reaction

In this last chapter, we present the main results of this thesis: the leading order spin con-
tributions to the radiation reaction on a binary system of compact bodies. The motivation for
achieving these results is that the 4PN acceleration is fundamental in the construction of the
fully accurate waveform to this order, what enforces its practical relevance.

Firstly, we introduce an extension necessary to accomodate spin effects in the formalism
for non-conservative system used in the previous chapter to investigate radiation reaction. In
the second section, we show how we compute spin-orbit effects, which enters at 4PN order,
in radiation reaction within the EFT approach. We calculate the spin-orbit radiation reaction
acceleration in terms of the multipole moments and then write the final result explicitly in terms
of the masses, relative velocity, separation and spins of the binary components. Moreover, the
spin-orbit evolution due to radiation reaction is given and discussed. In order to grant our results
clarity and consistency, the spin-orbit calculations are carried out in Newton-Wigner and also
covariant spin supplementary conditions. In the third section we do the same for spin-spin effects
in radiation reaction which appears at 4.5PN order. Furthermore, a non-trival consistency check,
which takes into account the total emmited power in the far zone in order to prove equivalence
with the energy loss induced by the radiation reaction acceleration computed within the EFT
framework, is provided in the last section.

In this chapter we will use the following definitions:

S=5+8,, (4.1)
3= ﬁSQ - 251, (42)

mo m
£="25 + lg,, (4.3)

mi mo

3ms 3m1>
=(24+—=18 2+ —1]8 4.4
<+2m1> 1+<+2m2 2 (4.4)
We will also use

L=wnxv, L=L/y, (4.5)
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4. Spin effects in radiation reaction

with m = mq + ma, v = mima/m?, and u = mv. In addition, » = x; — x5 is the relative
position, v = v; — vy and @ = a1 — ay are the relative velocity and acceleration, respectively,

and n =r/r.

4.1. Spin algebra

In order to be suitable for the purposes of this thesis presented in the following sections,
it was necessary to perform an extension of the formalism for non-conservative systems. To
accomplish the treatment of spinning bodies, we have introduced an spin algebra in terms of
the new Poisson Brackets (C.9) of the formalism for non-conservative systems. This was done
through the investigation on how the angular momentum algebra was modified when the +
variables was considered.

From the angular momentum

Li= eijkrjpk, (4.6)

we can write, in view of the relations (C.2) and (C.3) in appendix C, the two components L

and Lo in terms of the + variables, as it is shown bellow:

- v pk  ripk  1lpk
Ly = ey (Thp + 5=+ —— + ; (4.7)
2 2 4
J k J Ak J Ak
_ j kT3 pP-  I_py I P
Lo; = €51 (rilhr Ty T + 1 ) ; (4.8)
such that
- rj pk
L+i = €k rﬂ_p_i_ + 7_4 — 5 (49)

Regarding these two last expression, we can proceed to see how the angular momentum algebra

changes. Let’s start with the relation between two components L :
k n [ .m
rLp-— pir-
{L+i, L} = €im€jmn [Z {{pl.rm}}+ ” {{rt.p"}}

+r:f)i {pt e} + pl:T {{r’“,p’i}}] : (4.11)

what can be reduced as

{{Li,Lﬂ}} = ieijlqlm (r’ipﬁ + r’ipi) = ieijkL—k- (4.12)
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4.2. Spin-orbit effects
In a similar way, the relation for two components L_ is given by
{{LL Li}} = €iki€jmn {{I’ipl, +rfpl rTp” 4 I{npi}} = IFL_y. (4.13)

The remain relation is L with respect to L_:

. . rk pl .
{{Li; LJ_}} = €iki€jmn {{I’ipl+ —+ f7er71 + rmpﬁ}} — 62]kL+k- (414)

The important relations for the work developed in this thesis are, in Euclidean metric,

{{sis1}) = —1evst (4.15)
{{si, Sj_}} — _ciikgk (4.16)
{{s}.82}} = —€tsh. (4.17)

For the covariant SSC, we need this additional relation:
{{s}.87}} = —etsto. (4.18)
At last, concerning (C.12), the equation of motion for spin is be given by

S=[{{S+ . R}ps.» (4.19)

where the physical limit reads as S_ — 0 and S, — S.

4.2. Spin-orbit effects

Spin-orbit effects appear on radiation-reaction for the first time when we take the following

action into consideration:

s = - / dt [[ 15, (OIS (1) + I IR0 @) + 13 _01d5), ()]
16

ij i5(5) i 7090)
5 (T~ DTG () + T (DT )| - (4.20)

The first term gives rise to a reduced contribution when the equations of motion are calculated,
since the leading order spin-orbit acceleration must be regarded at second order time derivatives
of the position. The second and third terms are a combination of the leading order mass
quadrupole moments (with and without spin) and the last two terms are the contributions

coming from the leading order current quadrupole moments.
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4. Spin effects in radiation reaction

4.2.1. Multipole moments

In terms of the +-variables, the mass quadrupole moments necessary for the computation of

spin-orbit effects in radiation reaction at 4PN order are given by

I(Zg)_ =mv [7‘3_1{ + Ti_THTF ) (4.21)
I(Zé)+ = mv [rirﬂTF , (4.22)
¢ S . g S; .
79 —9 1+ =02+ ) j 11— Z(0)2- ) j
[ e LR e
1. ‘ .
+ 5t (vhr? -2l ol) (4.23)

1
+3 Zlk£+(v+r + ot r+ 2r+v — 27! v+)} ,

STF
S S o
I’L] —9 01+  ~(0)2+ - zlk 2 4.94
S0)+ = V[m( - o~ ++3 £+(v+r+ r+v+> STF, ( )
while the current quadrupole moments read as
J(ig)_ = —vém {eikl (rivﬂrri + rivl_ri + r’iviri)]STF, (4.25)
Lj ikl k1
J(%)Jr = —vom { ' T+U+T+]STF (4.26)
i 3V .,
1] _ = ) %
JS(O)— - 2 [E-i-T— + 2—T+:| STF (427)
3v
i _ OV s
Tor = = 5 1= gppe- (4.28)

It is important to remember that whenever we choose to work with the Newton-Wigner SSC

the mass quadrupoles are given by

I~ = % {Eiklﬁi (5 (vﬁri + vﬁrg - (riv] +rt )) el (5v+r+ - 4v+r+)}STF’

(4.29)

), = % (Mg, (svhr] —arkol )] (4.30)

since in this gauge the spin conditions must be applied before the equations of motion are

derived.

4.2.2. Radiation reaction acceleration

Firstly, we present the computation for the radiation reaction acceleration at 4PN order in

the Newton-Wigner SSC.
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4.2. Spin-orbit effects
4.2.2.1. Newton-Wigner SSC

It is convenient to calculate the contributions coming from the mass and current quadrupoles
and also the reduced part separately. We start with the Routhian for the mass moment contri-

bution

v 1 17
Rialre, S = -2 [ 14

g S(o)_(t)lij(S) (t) + Iij (t)lij(5) (t)} ) (431)

0)+ (0)=1/75(0)+

In order to compute the acceleration due to radiation reaction, the Routhian can be written
in terms of the +-variables related to position and velocity only whereas the spin variables can
be taken in the ordinary fashoin, since +-variables for spin would make no difference in the
derivation of the Euler-Lagrange equations. Taking into account (general EL eq in the previous
chap), (4.29) and (4.30), the equation of motion corresponding to the Routhain above is given
by

ag,R(mq) _ 5i [Eikl,vkgléjm _{_Emilslvj} Iz'é')(5) _ % [,,,i(sjm} Ig((()f)))
m
1 mil ¢l ikl kgl sjm] 7id(6)
_ﬁ[56 glr) + achirkelgim| [5©). (4.32)

After computing all the time derivatives of the multipoles and applying the leading order
equation of motion, i.e. replacing the second order time derivatives of the position for the

Newtonian acceleration, we find a final expression for the mass quadrupole contribution:

mv = . m . m .
ARR(mq) = 75 {(L : g) [15rr <42r — 51v% + 1197«2) — 2rv <97T — 81v% + 4057“2)}

2
—(rx€) [407” +261mv? — 15772 (41m — 20702) — 333r0% — 33607’7‘*41
T T

—rr? (v x £) [596m — 123302 + 19057*2} } . (4.33)
T

Now, by considering the Routhian for the current quadrupole contribution,

16 1 .. g - .
RR vy _ i ij(5) i ij(5)
Re e S5 = == [ Té0)- TG 0 + I8 _(0I6 (1)) (4.34)

we compute the following equation of motion:

m _ 8 icim] i) | L60M T i ki  imk (o kg kg \] i (5)
ARR(cq) = 5,y [2 o7 } Joy T [e rivd" 4 € (21) r+r v])] J500)
160 [ jnk ki1 7ii(6)
+ e {e T 7‘]} JS](O) , (4.35)
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4. Spin effects in radiation reaction

which can be written as

4vdm

- ) m . m .
ARR(ca) = T 56 {(L : E) [157“7‘ (127" — 15v% + 35r2> —4rv <8r —9v? + 457“2)]

2

—(rx %) lmm — 42m? + 15772 <8m - 9112) + 1870* + 10577
T T

F15r% (v x X) {47" — 302 + 7&2} } .
T

At last, the contribution

(4.36)

v L ij ij ij
Ruealrs, S5) = — [16)_OIG @) + ¢y _(015)7 (1)

o (4.37)

provides the equation of motion that has to be conveniently reduced using the spin-orbit accel-

erations at second time derivatives of the position, in order to result in spin-orbit effects at 4PN
order:

9 -
ARR(red) = % { [(L : x)} {fr <—327;Z — 2550 + 4557*2) + drv <—7":L + 150 — 607“2)]

—3(rxx) [7mv2 + 372 (m + 45112) — 150t — 1407«7'"4}
T

1512 (v % X) [47” +330% — 457'«2]} . (4.38)
T

Taking these results together, we can write the total 4PN radiation-reaction acceleration in
the Newton-Wigner SSC:

(aSR%(NW)) - {ezklvkgl(;jm + emzlglvg} I(é)(&s) - {5Emzl£l,r] +4€zkzrk£z(s]m] I(égﬁ)
2 o . 2 . . 8 . o
_ = 1 8ImMm i5(5) | mj(5) i5(5) vl
5 [7' 0 } Tsoy =57 [I(0> ]s T om0 [2 0 }
160m [eiklrkvldjm + imk (QUkrj + rkvj)} JIG) 4 160m {eimkrqu J9©®
45m, S(0) 45m S(0)

(4.39)

which yields, after using the convenient equations of motions,

soNw) _ 2mv . = m . = m )
apn 56 {3rr {4 (L) (14T — 16502 + 3157«2) ~9(L-¢) (77« + 400 — 707«2)}

— v [8 (L-5) (297;1 ~ 540% + 225¢2> +3(L-¢) (537: 9302 + 3757'«2)}

2
<49m n 360v2) 17t — 11557“1*4] (4.40)
T

—2(r x S) lmm + 21mo? + 3ri?
T
m 2 4 .4
169— — 1215v ) + 1357rv™ + 126077 ]
T

+120r%7 (v x S) [91)2 — 137‘«2} — %7 (v x &) {88m — 12690 + 17557*2} } :
r

m2
+3(r x &) |8— — 103mv? + ri? (
r
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4.2. Spin-orbit effects

4.2.2.2. Covariant SSC

Now we reproduce the same calculations shown in the previous section but using the covariant
SSC. The only new expression, in this case, comes from the mass quadrupole contribution
because we use the source multipole moments ((??)) and (4.24) without applying the SSC

before deriving the equation of motion:

m 2 m m o im mik ¢k, ilk ek cim | 713(5)
FRR(ma) T T 5, [(mls@l a mQS<0>2> I RO
2 mik ¢k, .j ilk ¢k, .l sjm] 7i3(6) 27 gm| 7i3(5)
- [e E¥rd + 2697 €S }I(O) ~F {r ) } IS(O) (4.41)

which becomes, after applying the equations of motion and the covariant SSC,

dmuv ~ ) m ) m .
ARR(ma) = ~ 155 {(L . 5) {157“7“ <_6r — 302 + 77“2) + 2rv (77" + 90 — 457“2)}
m2 m
+(rx§) [8 + 47mv? + 15772 (—7 + 39u2> — 63rv* — 6307"7'*4]
T T

+i72 (v x €) [llﬁm —2430% + 3757'12} } . (4.42)
T

The expressions for the current-quadrupole and reduced contributions remain formally the
same as in the NW SSC, but for the latter contribution we input the spin-orbit acceleration in

the covariant SSC to obtain

dmv (. ~ m ) 5 m .
QRR(red) = — 15,6 {rr {(L ‘ S’) (218T — 6750% + 1435r2> + (L . X) <_61r 472002 — 140072”

+ 3rv {2 (i : s) (-211 'y onp? 1157*2> +5 (f; : x) (7“” —110% + 47722)}
r r
+15(r x S) [3mv2 + r? (—5m + 27v2> — 3rot — 287’7"4} (4.43)
T
+3(r xx) [3mv2 + 2 <17m + 135v2> — 15rv* — 1407"7'“4]
T

+157% (v x S) {47” — T + 117%2] — 157%7 (v x x) {4”‘ + 1302 — 177%2] } :
r r

The total 4PN radiation-reaction acceleration in the covariant SSC is finally given by collecting
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4. Spin effects in radiation reaction

all pieces together:

SO(cov 2my . T m : T m z
agd ) = s {:w {4 (L : S) (14T — 16502 + 315r2) + (L : E) (r — 5400% + 9807’2)}

— v [8 (E : S) <29T — 540 + 225f2> +9 (i : 5) (31T — 430 + 175722)]

2
—2(rx 8) [227” + 21mu? + 3772 (49m + 360v2> —117rv* — 11557”7'"4]
T T

2
+ (r x €) [28’" — 205mw? + 9ri? (33m — 295v2> + 297rv* + 27307“7"4]
T T

+120727 (v x S) [%2 — 137*2} + 72 (v x &) [68m + 98102 — 13057%2] } . (4.44)
T

4.2.3. Spin evolution

To investigate how radiation reaction affects the spin of the compact bodies we had extended
the formalism presented in the previous chapter for treating spinning bodies. Through (4.19)

and regarding the Routhian corresponding to dissipative spin-orbit effects of leading order

v L ij ij ij ij ij
Refrs, S5 = — 2 [Ig_(OIGY (0) + I (D157 (1) + 1) (I, (1)
16 / ;i ii ii ii
+5 (Fo- OG0 + 7055, o) | (4.45)
the spin evolution at 4PN order is expressed by
S = —= |1ICVLSE, 10 )+ 0 O ygh, iy (4.46)
aRR = 75 [ 4(0)+ Wa+> 15(0)— 9 20+ Wat>Js0) -5 | - :

The right-hand side depends on the choice for SSC. We may notice here that there is no need
to write the Routhian (4.45) in terms of the +-variables for the relative position or velocities
(since they will play no role at the computation of the equations of motion via the new Poisson
brackets), but only for the dynamical variables of spin. In what follows, we firstly present the
result at the Newton-Wigner SSC. Later, we compute the same result at the covariant SSC and

prove the equivalence between the two gauges.
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4.2. Spin-orbit effects

4.2.3.1. Newton-Wigner SSC

Choosing the Newton-Wigner SSC means that we need to apply such condition prior to

deriving the equation of motion. Then, for particle 1,

- SO(NW)\ * Vo5 i ; i i ij(5) i
(SThe )" = = 15 [Ty (3ot —ac'rtol) ST, €L ) — 8PSt =Y

= — 1—V5 {2[?655) [—S{ (5vkrj — 4rk'vj) + 5““.5’% (SUlrj - 4rlvj)]

M ij(5). j ki
—-8—J J( rJ qu} . 4.47
O € 1 ( )

The expression for particle 2 can be trivially obtained by interchanging 1 <> 2 in this last
result. We can reduce the derivatives on the multipoles of this expression by using the spin-

independent equations of motion. Thus, we find

SSO(NW) _Amur
1RR - 157‘4

(L x S)) [(—227” + 3607 — 607‘«2> + 2 <l6m — 4807 + 757‘«2” . (4.48)
T

mi r
It is straightforward to show that this result is a total derivative which can be absorbed into
a redefinition of the spin

2
S =8 — (L xS) {(37" —8v? + 247*2) + 2 (m 1202 — 307&2)] . (4.49)
157“3 r my r

At this point, we can conclude that radiation reaction, at 4PN order, exerts no influence on

the spin of the compact bodies at the binary system.

4.2.3.2. Covariant SSC

Now we proceed with the same calculations but for the covariant SSC. Differently from the

previous case, the covariant condition must be applied after the brackets are computed:

- SO(cov)\ * 2v ii(5) T2 i P ; ) ; ' .
(Sl Rg{ )> T {I(g))( )mil [35{% r — 40P Sird 4 28irkvl + 5 S] (vlrJ - 2rl'v9)}
M 1ij(5) kil,.j gl
4Ty s } 4.50
my ) € ity (4.50)

yielding, after reduction,

S‘,SO(cov) o dmy
1RR - 1574

{f (L x S1) {—22m + 3602 — 6072 + 2 <16m 480 + 75722)}
r my r

2
_ M [ _ 25, (ﬁmv2 + 772 (Qm + 99v2> — 18rv* — 757’7*4)
m T

+7(r(S1-v) +v(S1-7)) (2T +54v” — 75722)

+6rv (S1 - v) (27: — 60+ 157'«2> ] } (4.51)
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4. Spin effects in radiation reaction

It is well known that at leading order the spin evolution equation for the covariant SSC, due
to the spin definition in this gauge, does not conserve the norm of the vector, as opposed to the
Newton-Wigner case. Hence, it is not a surprise that the spin evolution at 4PN in the covariant
SSC is not, at first, a total derivative. However, it is possible to show its equilavence with the
spin evolution obtained in the Newton-Wigner case. In order to do so, we take into account the

known transformation that links the spin variables at both SSC:

1
Sl(NW) - Sl(cov) + 5(”1(”1 ’ Sl(cov)) - Sl(cov)v%) o (452)
which implies
. . 1 mo 2
Sl(NW) = S1 (cov) — 5 (m> [2 Sl (cov) (a, . U) — (Sl (cov) "U) a—7v (a . ,5’1 (Cov)ﬂ + ..
(4.53)

For the purpose of proving the equivalence between the spin evolutions, this transformation
have to be considered at 4PN order, such that the accelerations inside the square brackets must

be regarded as

i 2 . i'
(all§) = —2ri1g)”. (4.54)

In this way, inserting (4.50) in the right-hand side of (4.53), we recover (4.47) as expected.

And of course the same is valid for particle 2.

4.3. Spin-spin effects

We may now proceed with the second part of our work: the leading order spin-spin effects in
radiation reaction. The effective action governing this actual dissipative phenomenon is given

bellow:

- / dt {1(3)_(75)1(3@ (1) + 133y (VTN () + T o) (DI (8) + 22 Ty (D55, ()

5 9
(4.55)
In this case, there is no need to worry about supplementary conditions for spin, since only
spatial components of the spin vector appear at the right-hand side of the expression above. The
first term contributes at 4.5PN order, as desired, when spin-orbit as well as spin-spin leading
order accelerations are considered for the second order time derivatives of the relative position.
The second term is contribution to the mass quadrupole from finite size effects, but it will not

affect the acceleration, only the spin evolution. The last term simply represents the current
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4.3. Spin-spin effects

quadrupole with spin respecting this order. Taken together, these mass and current quadrupole
contributions are responsable for the first appearance of spin-spin effects in radiation reaction

of a binary system, as we shall present bellow.

4.3.1. Multipole moments

In view of the actual purpose, the necessary multipole moments were already given in the
first section of this chapter, with the exception of the mass quadrupole moment from finite size

effects [98,100], which in terms of the £-variables reads as

g cl
? _ ES2 i

IS]2(O)+ - Za: My [Sa+S¢]z+]TF ) (4.56)
3 o} o

Ly = - Z o S Si-+ 5083, (4.57)

where C’ggfh = 1 for black holes, while for neutron stars CS;Q"S = 4 — 8 depending on the
equation of state and internal dynamics [91]. These mass quadrupoles, at (4.55), play no role
in the derivation of the radiation reaction acceleration at 4.5PN order because the derivatives
of the spin variables give rise to terms of higher order and also because there is no r_ or v_ to

be regarded during the computation of the Euler-Lagrange equation. However, we will see later

that they do have relevance for spin evolution at 4.5PN order.

4.3.2. Radiation reaction acceleration

The contribution from the current quadrupole for the leading order spin-spin effects in radi-

ation reaction are derived from

v 16 i i35
Rig e S5 = = = T (D104 (1) (4.58)
yielding
. 8 i om1 T80
aRR(Cq) = 15m [2 & :| dt5 . (459)

This expression, after reduction using the lowest order acceleration, is explicitly written as

2v ) m . 8m 3 .
ARR(cq) = ﬂ{S (2-3) {—rrr <2r -3+ 7T2> + r?v <15r — 5112 + 37’2>] (4.60)
m 8m 3
|- (Z- 2— — 302 '2) 3. (_2 2)}}
+r { 7 ( r)( " 3 4T ) +r (2 v) 5y 5y + 37
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4. Spin effects in radiation reaction

On the other hand, the reduced contribution is simply given by

@RR(red) = T 5 [7“ o7 } [ a ) (4.61)
Ss

which after reduction using the leading order spin-spin accelerations can be splitted into two

pieces:
S189 2 . m . 7 m .
i) = 77 {r [rr (S1 - S) (—1127 + 48007 — 980r2) + 2 (81 7) (S m) (3927 399002 + 10710r2>
4 ((S1-7) (S - v) + (S1-v) (S - 7)) (479% + 55502 — 34651*2) + 96077 (S1 - v) (S - v)]
+6v [27«2 (S1 - Sb) (8% 1002 + 457'«2) +(S1-7)(Ss 1) (—51% 11502 — 735f2)
+ 20577 ((S1 - 1) (S2 - v) + (81 - v) (S2 - 7)) — 40r? (Sy - v) (Sa - 'u)}
. ) m 2 .2 ) m 2 .2
43S, [r (Ss - 7) (17 " <+ 800% — 1407 ) (S v) (3 " — 1507 + 55 )]
; . m 2 _ -2 ) m 2 .2
43S, [r(sl r) (17 " <+ 800% — 1407 ) (S, ) (3 = — 1507 + 55 )} } (4.62)

which can be regarded as the “structureless” contribution, while the finite-size contribution, for

the first time, is given by

2 oWl my . m . i 2 (0o .
aBwea) = 77 E;{r [ — 282 (287 — 12002 + 2457"2) + 75 (S0 1) (287 — 2850 + 765r2)

4 (Su 1) (S, - v) (—79% + 55502 — 34657"2) + 48077 (S, - v)z}
+ 30 [27«253 (8ﬁ 1002 + 457%2) (S, 1) (—51@ 411502 — 735722)
T T
+ 41077 (S, - 7) (Sq - v) — 4072 (S, - v)ﬂ

+3rS, {r (Su - 1) (17% + 8002 — 1407'3) 7 (8, - v) (3% — 150 4 557%2) ] } (4.63)

Although the total spin acceleration at 4.5PN order is simply the sum of the contributions
n (4.60)—(4.63), it is also instructive to decompose the final expression as

2 2m : 2
alis = ﬂ{r[rf(sl.sg) <55r — 7807 4 1547 ) + (817 (Se - 7) (325”: — 79807 + 21427 >

+ ((S1-7)(S2-v)+ (S1-v)(S2-7)) (_759m + 111v* — 6937 ) +192r7 (S1 - v) (Ss - 'u)}

1 1
+ 2v [rz (S1-82) (87: - %vﬂ + 45%2) +3(S1-7)(S2-7) (—557:? +23v% — 1477'«2)
+ 12377 ((S1 - 7) (Sy - v) + (81 -v) (Sa - 7)) — 2472 (S - v) (So - v)}
- 61 m 2 W 42
+r51[r(5’2 'r)<5 + 4502 >+r (15r £ +30r)]
- 6lm oo W 42
+1"Sg[r(51 r)<5 + 45v >—|—r (15r U —|—307‘)]}, (4.64)
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4.3. Spin-spin effects

for the O(S1S2) terms whereas the O(S2) contributions are given by
52 2 mo mq . m . 8m .
aRR = 7‘7{ (’rnlsf + TnzSg) |:3’I"’I"'T' <27 - 3'U2 + 77"2) +rv (57“ - 5’0 + 9T2>:|

m2y m
+ m% TS {7" (S1-7) (27 - 3v% — 77.”2) +7(S1-v) (157“ — gv

m2y . m . 8m 3
+ ma 785 |:T(SQ - 7) (27 — 302 77r2) +7(S2-v) (157“ ~F 2+3r2)} }

9 C(a) .
me{r { 282 (28% — 12002 + 2457%2) + 7% (S, - 1) (28% 28502 + 7657'«2)

_A'_i
7
5r prt Mg,

4 (Su 1) (S, - v) (—79% + 55502 — 3465%2) + 48077+ (S, - ’U)Q]

+ 30 [27«252 ( — 1002 + 457 ) (S. - 1)? (—51T 11502 — 7357’»2)
r T

+ 41077 (S, - 7) (Sq - v) — 4072 (S, - v)ﬂ

+3r8, [r (S, -7) (17% + 8002 — 140&2) +7 (S, -v) (3% — 1502 + 55142)} } (4.65)

4.3.3. Spin evolution
Taking into consideration (4.55) we obtain for the spin evolution
Lsm.sip],,  (60)

ij(5
I 0)+

(1)
. v m Ji 5 ; QC
fhe= = 15 ooy (8T S1Y - 5522 [
(1)

8v m i5(5) mzk j k 2CE52 ’I’)’L]k’ i qk Z](5)
BEJS(O) r S 5 my S Sl o >

which after reduction yields

. 2mv m 9 .9

S1RR = 15,6 {67“ 7 (S1 %X S2) (Hr — 18v* + 30r )

— 37 (S x v) ((52 ) =28 -r)> <8m — 92 + 457’*2>
mq T

+(S1x7) [157* ((Sz )= 22 (8 -r)> (27? —3v? + 7&2)

(4.67)

m1

car (8200 - 22 (51-0) (82 -0t )

my

40(1)
Sy (M52 4152 [(rx 81) (81-) + (0% 81) (817

+15° (rxS81)(Sy-r) (31}2 — 77"2) — 3077 (v x S1) (S1 - v) }
r
At this point, we can define

QRR:m<~m?~> L 4,
1 G S mlsl x L, (4.68)
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4. Spin effects in radiation reaction

such that
<d51> = Qi x 8y, (4.69)
t RR

where
S mv 2 mo o2 .2
S =851+ 715745 {37’ (Sl X 52) (3 . 8v* + 247 ) (4.70)

48rr mo

-2 [L (S1-52) = Sa(L-S1) + "2 (S1(L- 81) — L(S, sl))}

+3(S; x7) [((52 ) — % (S, -7')) (’: —20% + 107‘02) — 277 ((s2 v) — % (8] - u))]
2my Cg;z i4
5 mi dt4

— 272 (81 x v) ((sg-v) -2 (8, v)> +

m1

[(Sl-r)(rxSl)}}.

We can interpret (4.68) as a precession frequency induced by radiation reaction effects on
the spin evolution and from (4.69) and (4.70) we conclude that the spin equation describes

precessing evolution with a constant norm.

4.4. Consistency test

Finally, we shall close this chapter proving the consistency of our results for spin-orbit and
spin-spin effects in radiation reaction by showing the equivalence between the radiated power in

the zone and the power loss calculated through the accelerations computed by us.

4.4.1. Schott terms

Firstly, we introduce the concept of Schott terms', which simply consists in a redefinition of
the conserved energy.
We have to show that the energy flux computed with (3.27) and power lost due to radiation

reaction,
Prr = mv agr - v, (4.71)

are equivalent, but not the same, since one power is given in the far zone and the other is
computed in the near zone with respect to the compact bodies. Hence, the difference is a local
redefinition of the conserved energy, i.e. a total time derivative or Schott terms, that will not

affect the radiated power in the far region. To illustrate, we consider the a general Routhian

n appendix D, we comment the appearance of the Schott terms in the context of Electrodynamics.
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4.4. Consistency test

with contributions from mass and current quadrupoles, implying

_ Lo 49 ij (4 7% (5) 16 ij .\ 4ii(5) )}
Phn = — v {[ar_ 2 (%_](I_(t)Lr 0+ g 2E0W)} (4.72)

and taking a time average, we obtain
1 0 0 iy ii(5)
(PrR) = —<({v~+a-} I](t)>fj (t)> (4.73)
5 or_ Ov_ + PL

(e~ PP

where we integrated by parts the time derivative in the second term in both of the square

brackets. But, since

N _ qii()
([v 5 +a 81)_} 1Y (t))PL =17, (4.74)

and integrating by parts once more, it results

dE

— 4.

(Prr) =

We can say that the two expressions for Prr and dF/dt are related by a total time derivative,

Prr = —, E=FE—Es, (4.76)

with E the mechanical energy of the system and Es the Schott terms [101], which here are given
by

1/ s e 16 / .oion .. o
— = (i) pig(4) _ yid(2) pidi(3) 22 (i) gid(4) _ gid(2) 7id(3)
Es = (11 e i) 4 i (790 JI@ JIE 4 (4.77)

This equivalence can be proven to all orders.

4.4.2. Spin-orbit

Newton-Wigner SSC

Using (4.39), we start writing the power for the spin-orbit case in Newton-Wigner SSC:

so(Nw) _ 4mv m? . m .
PRONW) 5.6 {(L . S) lzzr — 95mw? + 3172 <77r — 270v2> + 99rv? + 7357«7«41 (4.78)

2
—3(L-§) [le — 25mu” + 4ri? (29m — 601)2) +21rv* + 3157“7"4] } :
T r
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4. Spin effects in radiation reaction

Comparing this with the result (3.46), we find

dE so 4mv m? 9 .9 < m 2> 4 .4
— — =——<(L-S)|2— + 169 15 —19— 454 - 99 — 735
<dt )SO(NW) PrR 15,6 {( ) [ — +169mo” + 1507 T+ 5dv TV T

2
(L€ l28m — 37Tmuv? + 24ri? (13m - 30u2) +63r0t 4 9457"7'“4] } .
T T

(4.79)

It can be shown that the right-hand side of the expression above is a total derivative, after

some algebra. Then, once the energy is redefined accounting the Schott terms,

SONW) _ L 7ij(1) ij4) _ 4ii(2) ii(3) 88mi 1207 0P

8mr 129 v3r 73
+m1/(L-£)< = — >7

37 5 rt rd
we may say that the power computed through radiation reaction and the power computed in
the far zone are equal in face of this redefinition.

Covariant SSC

For the covariant case, the energy balance acquires an extra term due to the presence, in
the binding energy, of S(g), which cannot be regarded as constant in time as we do for the spatial

components of the spin vector. Hence, at linear order in the spin we have

(dE) B 6Evi+8Eai+Z OE
dt Jso  \|ori T o = 05, "

or ..
_ RR § : 7
= mv <aSO(COV) . ’U> + < . aS’%O)QS(O)a> . (481)

The covariant SSC preserves evolution, what implies, to the desired order,
S(0)a = arce X Sa, (4.82)

where al'8, must be read as the 2.5PN acceleration due to radiation reaction.The leading order

term for the spin-orbit energy is [45,91, 102]

Fso = —ZaNa . S(O)a 4+ (4.83)

with ay, the Newtonian acceleration for each body, such that

0FEs0

&S’fo)a

— —al, - (4.84)
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Taking this into account, we have

OFE

GSE )

Finally, to prove the equivalence between far zone and radiation-reaction computation, we

2
ZaNa . (aﬁf){a X Sa) = — 5V /dte’kl kflr]I (5), (4.85)

have to show that
dE 2
<> = [mu a%%(cov) v— ¢kl kﬁlr]I”(E))] , (4.86)
5
SO(cov)

For the right hand side, we have

v 4 2
ar ™ v = {(L . S) [227” — 95muv? + 32 (77m - 270v2> +99r0* + 7357“7'“4]
T T T

2
+(L-¢) l—14m — 37mv® — 3ri? (49m + 9()1;2> +4Brvt + 105707'"41 } (4.87)
r r

and

2v ;i 8m?v m .
T klakﬁlrjf(é)(S) == 5 (L9 (27« — 602 + 15r2> . (4.88)

Comparing with (3.45), we can show that the difference between the powers is a total time

derivative, with the Schott term given by

(1) ii(4)  7ii(2) 1i3(3) 88mi T2 v i
I - 1 s } +mV(L-S)< 5~ oa t 2 (4.89)

8 mr 27 73
L - 36— — 52—

EEO(COV) _

such that the expression in (4.86) is valid.

4.4.3. Spin-spin
From the radiation-reaction acceleration in the spin-spin case, we have
PR = (i + at) - v = PR + Pin - (4.90)

Using (4.64) and (4.65), we find

4dmu

Pri’ = 15,8

{31"2 (S1 - S) [40mv2 2 (—26% n 420112) ~ 51t — 3857"7'"4}
2 .2 (5T 2 4 .4
+3(S)-7)(Ss 1) {—153mu + 28r7 (77 1500 ) + 34570t + 53557 }
T
~ 32 [(S1 - 1) (S2 - v) + (S1 - v) (So - 7)] (9% — 100502 + 1925¢2)

3 (S - v) (S5 - v) (19% 48602 + 18907’“2) } (4.91)
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and

2 3.,2 SQ SZ
Pﬁ; = — % {3r2 <12 + 22) [—8m1}2 + 30772 (% — 31}2) +9rv* 4+ 1057’7"4}

my o my
+ 1502 <(Sl ) (51:v) | (521 (B ")> (2™ - 302 4 7i%)
mi may r
2 2
1 (Se), (S20) (82 + 902 - 4572)
mi may T

2
5m

(@) 2} 2¢g2 2 ») m 2 4 24
" %%CESzmb{Qr S, [—24mv + rr (287 — 255v ) + 30rv™ + 24577 ]

+ (S ) [153me? — 287 (7% — 15007 ) + 34570" — 535577
127 (Sy - 1) (S, - v) (28% —20250% + 3885f2)

~3r3(8, - v)? (3@ 5502 + 2157‘«2) } (4.92)
T

This allows us to write the difference between the powers in the far zone (3.51) and (3.52)
and that due to the radiation reaction, as it is shown bellow:
dE s1so _ Amu [ o 2 -2 m 2 4 -4
(dt) —PRR? = o8 {r (S1-S2) [—87mv + 7 (81 " — 4200 ) + 51rv* + 38577 }

S182

+(S1-7)(Ss 1) {321mv2 g (—465% + 42001;2) — 345rvt — 5355r¢4}

12 [(8y 1) (S v) + (S - v) (Se - 7)) (66% —10050° + 19257;2)

+ 613 (81 - ) (S5 - v) (—5T + 2702 — 105722) } (4.93)
T
and
3.2 2 2
(@) P = - 2V g (S 58 [—3m112 +ri? (9@ - 30112) +3r0t + 357"7‘4}
dt / 2 5r8 m2  m r
2 2
i ((51 )’ (S2er) ) 2 ((51 )(S1-v) | (S2:7) (S ”)> (12T — 150° +35f~2)
my my my ma T
2 2
+3r° <(Sl o) (52 ) ) (@ —? +5f2> }
mi my T
- 577217“8 payeres m%{ — 27282 [748m1}2 + 3ri? (18% - 851;2) +30rv* + 245m'~4]
a#b

+3(8,-7)? [—107m1}2 + 4r7? (39% - 3501}2) + 115r0* + 17857"7*4}
+ 3027 (Sa - 1) (Sa - v) (748@ +6750% — 1295%2) + 30 (S, - v)? (11m — 550 + 215r2) }
T T
(4.94)

The right-hand side of the last two equations are a total derivative, what allows us to affirm

(). o)
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4.4. Consistency test

Similarly to the spin-orbit case, we can also introduce Schott terms: E = E — Eg, with

1
5

Es= — © - + = [2(81 %) (@ a-v-a) (4.96)

dt?  dt3 dt  dt* )

d* Iy d*Ig)  dIg, d4fgg)] 9
SS

—i—é((sﬁ-a)(SQ-a)+(Sl-a)(Sg-a)—(Sl-d)(Sg-'v)—(Sl-v)(Sg-d)ﬂ

m2y2 2 2 .a . a .a .a
_215 {3<77Sé+fé>(a,a_v,d>+(sl 73%(%51 ), (82 T)n(%SQ )
B (Sl-vgl(%sl-d) B (sg-vgl (352.(1)]’ Lo

where the explicitly written acceleration terms reads as the Newtonian acceleration, whereas

the leading order spin-spin equations of motion are used for the evaluation of the derivatives in

dE
<dt> _pss, (4.98)
SS

the mass-quadrupole terms. At last,

as expected. We conclude that, as well as for the spin-orbit case, the results calculated for

spin-spin effects in radiation reaction through a EFT framework are consistent.
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5. Conclusion and perspectives

In this thesis, we have computed the leading order spin effects on radiation reaction of
a binary system of compact bodies through an EFT approach. We focused on the inspiral
phase of the binary system, where the separation of scales provides a natural scenario for the
implementation of perturbative methods. We have shown that within the EFT framework
developed in [38], and extendend in [45] in order to incorporate spin, it is possible to investigate
the conservative and dissipative dynamics systematically. We focused on the radiation sector of
the theory, which is constructed by performing a multipole expansion at the level of the action.
As we have seen, after the potential modes of the gravitational fields are integrated out, the
resulting theory describes radiation gravitons coupled to moments of the two-particles which
compose the binary. The power counting allowed us to determine which multipole moments
contribute to the computation of the power loss to the orders of interest.

To investigate radiation reaction within the EFT approach, we made use of the formalism
developed in [74]. One contribution of our work is the extension of this formalism to incorporate
spin effects. We have constructed the spin algebra in terms of the new set of Poisson Brackets by
investigating how the angular momentum algebra changes, in light of the doubling of degrees of
freedom. Then, we computed the spin-orbit contributions to the acceleration and spin evolution
to 4PN order. We performed the calculations both in the covariant and Newton-Wigner SSCs,
and proved the equivalence between different choices. We found that there is no net effect on the
spin evolution from radiation reaction at this order, which is consistent with the findings in [84].
Subsequently, we computed the spin-spin contributions to the acceleration and spin evolution
to 4.5PN order. Unlike the spin-orbit case, we found that the spin precesses due to spin-spin
radiation reaction effects at this order. Our results are consistent with the findings in [103].
However, we went a step further by extending the computations to all spin squared terms,
including finite-size effects. This was not the case in [84,103]. To our knowledge, the calculation
of finite size effects in radiation reaction had not been carried out until now. Moreover, to test

the consistency of our results for the spin-orbit as well as for spin-spin effects, we explicitly
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5. Conclusion and perspectives

showed that the induced power resulting from the radiation-reaction force is equivalent to the
total radiated emission computed in the far zone, using the standard multipole expansion [57].

The results presented in this thesis increase the knowledge for the modeling of spinning binary
systems and the construction of accurate waveforms, aiding in the extraction of precise infor-
mation from future gravitational wave observations. In order to construct accurate waveforms
to 4.5PN order, much work still remains to be done. While up to 3PN all the ingredients nec-
essary to the gravitational waveform were obtained, many other contributions are still needed
up to 4.5PN, most notably radiated multipole moments for non-rotating and spinning bodies,
besides radiation reaction effects. These calculations are presently undergoing within the EFT

approach.
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A. Einstein-Infeld-Hoffmann Lagrangian

Here we give an example to show how works the machinery of integrating out the potential
gravitons in order to derive the Einstein-Infeld-Hoffman, which is the first PN correction to the

Newtonian physics.

Figure A.1.

Firstly, let’s calculate the contributions of second order in velocity coming the perturbation
depending on the time derivatives of the potential graviton field in interaction action, as depicted

in Fig.(A.1):
Wiger80H) = —2 /d4$1d4$2j(f,lf)) (1) J(C:ﬁ) (x2) (A.1)
(1{ Hw 00) Hos (@2) [ atyrro0 0011, () o0, () ).
We have to write each of the two possible Wick’s contractions for this diagram:
(7 { Hu 02) Hop (22) [ 1700 o () 30, () ) (A2

TPty / d4y <le (xl) aOHpO' (y)> <Ha5 (352) aOHG'y (y)> :

We have, firstly,

(Hyy (21) 00H o (y)) —/dgk / K gika ity 4 (H, (k,t1) Hyo (K1) (A.3)
uv \(T1) O0dlps \Y)) = (271‘)3 (27‘(‘)3 dty uv (K5 01) Hpo sy by .
Pk [ PR g aon 0 (k+K) d
— _i(2 3P1/a ik-xy ik’-y _ )
F@m)” Ly / (%)3/(277)36 ¢ k2 dtyd(tl ty)
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A. Einstein-Infeld-Hoffmann Lagrangian

Similarly,
d3q dq o 1 d
H, H = —i(2n)° P, — ax2eiqy 53 ) ———06(ta —t,).
(s (22) 0y () = =i )" P, | 5 [ C 5520938 (a4 ) s 1)
(A4)
Having in mind the property of the Dirac delta
d dp d
%5 (z—2a) = / (27T)dzpe ple—a’) — —@5 (z—2'), (A.5)
we use
d d d d
dt,—0(t1 —ty) —0 (to —ty) = ——06(t1 — ¢ A6
[t s —t) st —t) = a0 1) (A6
to write
(1 {H 00) Hos (@2) [ atyrro0 0011, () 00, ()} ) (A7)
d d d*k dq | ’ ’ 1
— _TPUQ’YP vooPa 5t —t /d3 / / ik-x1 ,—i(k+q)y iqx2
uvp ,Ba'ydtl dts ( 1 2) Yy (27‘()3 (27‘()36 e e k2q2
Since

1
TpUH’YP;wpaPaBGV = 5 (77’0977‘” + 77’)77709 - Tlpgﬂev) (nupnua + NuoMvp — nuunpa) Paﬂ&’y (A8)

= NuaMwB + Mpptva = Mulap = 2Pwap;

we have
<T{HMV ($1) Haﬁ (-Tz) /d4yTp00W80Hpcr (y) aOHGW (y)}> (A.Q)
d d APk ek ta—x2)
= 2P ag———0(t —t ,
so that
{ y o d d Bk ek (x1—x2)
W[BOH&)H] = 5 /d4331d4l‘2z]€;0) (71) J(vg) (x2) P/wozb’ditldihé (t1 — t2)/ (27_‘_)3 k4 )
(A.10)
Writing the sources explicitly considering particle 1 at J (x1) and particle 2 at J (z2),
T (3y) = Loy _ m1 o 0§ (x1 (1) = xi1) (1) (A.11)
(o) (1 2mp 2mPl77 n 101 11y 1)), .
JB (1) = T = 22005 (x5 () — Xa(2) (1)) (A.12)
@) 2T Sy 2mpy O TR R '
we have
mamy d d Bk e Can ) —xe ()
Wie = dt1dtaPoooo————0 (t1 — t A13
[80 Ho H] ZSm%l/ 120000 7, 7 (t1 2)/(27r)3 K4 ( )
25.. — pipd
_ e / TR G ki
16m3, 8mr3
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where r = x; — x5 and r = |r|. Writing explicitly m};lz = 327(, the result above can be written

as
[r?vy - va — (vi - T12) (V2 - T19)]
- .
;

v
Wigono ) = 4Gm1m2/dt (A.14)

There are still other term identical to this one coming from the contribution of the particle 2
in J (x1) and particle 1 in J (z3), while the self-contributions are ignored because they become

zero after dimensional regularization. Finally, we have

WiaoHooH) = ;Gmmﬂ/dt e - (V11;3X12) v xiz)] (A.15)
Vl
:
Figure A.2.
From Fig.(A.2), we have:
Wistonan) = —p [ @1t (o0) Jed (o) (T (s (00) Flas (e2))) . (A16)

We consider particle 1 in the source J (x1) and particle 2 in the source J (z2), such that

Ty (on) TG ) = SRS 0508 (x (1) = 3 (0)) (w2 (82) = 320 (8)
(A.17)
Regarding
(T {Hy (1) Hog (22))) = ~iPyuinsd (11— 12) 1) (A.18)
and noticing that P, = %, we have
Wittty = 11?;;’%23[ / a2 = i2Gmams / a2, (A.19)

But regarding the contribution of the particle 2 in J (z1) and particle 1 in J (x2), the total

result is

. V1 -V
W[J(Ul)J(Ul)] = Z4Gm1m2/dt ! 2. (A.QO)

r

Following very similar steps to those from above, we find for Fig.(A.3)

3i v o 3i v3
W[J(’l)2)J(’UO)] = QGTnﬂTbg/dtr1 + 2Gm1m2/dt:. (A.21)
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A. Einstein-Infeld-Hoffmann Lagrangian

Figure A.3.

1
1
1
1
1
A~
PASRN

Figure A.4.

Using the three-graviton vertex (2.77), the diagram in Fig.(A.4) yields

imimj3 APk Pkod’ks 2 ki
= 172 /dtldtgdtg/me @ <T{H12(1) (xl)Hgg (1‘2) ngg (CL‘3)}>

W —
[(Hoo)*] — 16m32, (27)°
(A.22)
_ —i/dthmlm%,
r
and taking into account the interchange of the particles, the final result is
. G2m1m2 (m1 + mg)
W[(H00)3] = —Z/dt ; . (A.23)
Figure A.5.
Finally, for the seagull diagram in Fig.(A.5), we have
i 4. A g4
Wiz = 5 / d'wid zad ey (T {J" (1) J° (22) J* (5) Hyy (21) Hag (22) Hyo (23)} )
(A.24)
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Considering the particle 1 at J* (z1) and the particle 2 at J (z3) and J#7 (x3),

m
I @) = =g (x1 = xqw) w0 Hoo (1), (A.25)
Pl
J (29) = — 2 s <x2 — X(9 ) n*On"0, (A.26)
ey (2)
m
JP (x3) = _277’;16 (33 = x2)) "0, (A.27)

this yields, concerning the symmetry factor 2 for this Wick contraction,

m1m2

21 = dt1d T T T T A.
2] v %Dz/ trdtadts (T'{Hoo (1) Hoo (x1) Hoo (w2) Hoo (23)}) (A.28)

2 1 1
L) / dt—,
32mPl 6472 r2

or

G2m1m§ 1
W[J](SPPO(Hoo) T /dt7"2 (A29)

Putting together all the results of the diagrams, we end up with

Gm1m2 (vi-r)(va-r) G?*mima (my + ma)

Lgrn = Zma ot 3(vi+v3) —T(vi va) — 2 - 272 ’
(A.30)
which is the well-known result obtained first by Einstein, Infeld and Hoffmann [104] using

different methods.
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B. Spin supplementary conditions

In this appendix, we provide a derivation of the leading order spin-orbit acceleration. Since
it is a conservative effect, its computation throught the ordinary Euler-Lagrange equations is
straightforward, but it can be taken as a good example on how to deal with the different
supplementary conditions when deriving equations of motion. Moreover, we show how to link the
result using the covariant SSC with the one using Newton-Wigner SSC throught a transformation

of the centre of mass reference frame.
Covariant SSC

It is possible to use the covariant SSC without changing the canonical algebra if this con-
dition is applied after the equations of motion are computed. In view of this, the spin-orbit

potential has to be considered in its original form, without imposing any condition, i.e.
r/ ; L (ma + 2m r/ ; L (m1 +2m
Vso = ma— [5{0 4 g2+ 2m) 1)vﬂ —mi— [550 _ g (o 2ma) Z)V’f} : (B.1)
r m r m

which yields

dVso _ (8% —3nin%) {mQ [S{O L grlme :l 2m1)vk} —my [sgo _ gl ; 2m2)vk} } :

ara T3
(B.2)
d (0Vso _ M2 s o ja (mz + le) mi o i ja (ml + ng)
dt< v, > —F( —3n r) [51 m} +r—3(v —3n r) {52 m} (B.3)

Putting them together into

Vso d (90Vso
myago = — =275 + o ( o ) : (B.4)
it results
1 2 2
mvab, = -~ [mQSfO ospemama ¥ 2m) o e ekt (71 m2)vk} + (B5)
r m
in® . . 2 . . 2
+322 {mQS{O Loggemz(ma £ 2my) o g0 g (ma mQ)vk} +
r m m
(vl — 3nr) {Sja me (mg + 2myq) ja™m1 (my 4 2my)
r m m
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B. Spin supplementary conditions

Now that the Euler-Lagrange equation has been computed, we can use the covariant SSC, i.e.

S{O = kSl vh and S{k = &Jk8! (with the same for particle 2), such that

6aklvk
mragy = i [(m% + 2mg (mg + 2m1)) Si + (m% +2mq (my + 2m2)) Sé} + (B.6)
nin®eiklyk
+ 37 [(m% + mg (mg + 2m1)) Sll + (m% +my (my + 2m2)) SIQ} +
3n’ el
A [ma (ms + 2m1) S} + my (my + 2mg) S,
but since
msy (ma + 2my) = m?v (mQ + 2) , (B.7)
mi
my (my + 2ms) = m?v (ml + 2) , (B.8)
ma
we get
Kkl k Gkl hanik ajlyj
( ) - €a Vv 1 1 6e nn'v 1 3re n 1 l
als = -3 3¢ +4s}+T[5 s'] + T[S +28'], (B.9)

which can be equivalently written as

afqoov:;[Gr(rXV)'(%JrME) < (7S+3MZ>>+3(1~V)< <3S+5m2>>]
(B.10)

Newton-Wigner SSC

For the case of Newton-Wigner SSC, which keeps the canonical algebra unchanged up to
terms quadratic in the spin, the condition S = 0 ej kLS vk (same for particle 2) has be imposed

at the level of the potential:

jklpd 2 gklyi 11 2
Vso = mzi6 . [ Sivi + 337(7@ - ml)Vk} —m© 3r [Slzvg - Slzi(ml - mZ)Vk
r 2 m
€jkl I'] 3 l
_ e r Ikl kgl
=—=3 [m3s} +mish| v* +2myT3 st. (B.11)
Hence,
WVso _ (09 —3n/n") 3 , l (09 = 3n/n%) ) 4o
ara = m/)“g 5 |:m2s —+ mls :| v+ 2m1/r—3€7 A% S s (B12)
d (9Vso L N et Hy 2l il
p ( v, > =3 (vj — 3njr> {m2 [mgsl —I—mlsQ] — 2mue®'S' 5 | (B.13)
such that
ikl gk aklk
aliWa _ o TV [3 <m23l mlsl> Qsl} _ 2T [3 <m28l mlSl> — 281}
As0 n 73 2 \'my 1+m22 + 73 2 \my 1+m22 *
3 . ajl |3 mi g I
—'I— 7«3 ’I"EGJ‘7 |:2 <Sl + 7’n282> - 2S 5 (B14)
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or
1
ay = 3 {211 [(n X v) - <7s+35$2)] — v x <7S+3i;”2) + gf {n x <7S+3‘ZL2)]}.
(B.15)

Transformation

One goes from covariant SSC to NW SSC making the coordinate transformation in the

relative position:

X
r—r-— (Vng), (B.16)
which implies
vy X8 (B.17)
a—adt (V;f) - gf (rT;< 3} (B.18)
P+ 2m.2u (L-¢), (B.19)
%3%%3 ﬁ@.@, (B.21)

We can test this taking the spin-orbit acceleration at covariant SSC and try to go to the
spin-orbit acceleration at NW SSC. The transformation must be regarded in the Newtonian
acceleration, since it gives the following 1.5PN contribution:

mr mr (vx§) 3r(L-¢)
r3 - r3 + 273 2 murd

(B.22)
The general equation of motion reads
a=ag+a +ays+.. (B.23)

Thus, when the transformation is performed at both sides of this equation, there will be new

terms at 1.5PN order:

(vx§ 3r(x§ (vx¢) 3r(L-¢)
at 2r3 2 3 =aop + 9,3 2 s +a+ais5+.., (B.24)

where aj 5 in this case is the spin-orbit acceleration at the covariant SSC, which is

aggv) = %5 [6r(r X V) - (QS+ 5m2> —r? (v X <7S+35m2>> +3(r-v) (r X (3S+ ?Z))} .

" " (B.25)
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B. Spin supplementary conditions

Then, the spin-orbit acceleration at NW SSC turns out to be

NW_37.,(I'><§)_§I'(L’§) (cov)

Rl T2 3 2 murd taso (B.26)

which reproduces (2.102), as expected.
Similarly, but without concerning supplementary conditios, the spinl-spin2 and spin-spin

accelerations can be derived from (2.99) and (2.100), yielding

3
muyrt

as, s, = n(S1-S2) —5n(S;-n)(S2-n)+S1(Se-n)+ S2(S;-n)],and
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C. Non-conservative dynamics

Hamilton’s principle of stationary action plays an important role in Physics, since it is a
straight way to derive the equations of motion for a large variety of systems which share distinct
levels of complexity. In view of its efficiency for describing the evolution of a physical system,
this principle has been proven readly useful in the development of fundamental areas, such as
Mechanics and Field Theory. An action principle offers the benefits of evidencing the set of
symmetries of a given system, since the action might be invariant under those transformations,
what is essencial to the understanding of the conserved quantities. It is also straighforward
to introduce interactions and extra degrees of freedom by adding them through desired energy
terms into the action. Yet, at the level of the action, problems involving constraints are handled
in a natural way using, for example, Dirac’s formalism.

However, based on a Lagrangian or Hamiltonian formulation, Hamilton’s principle cannot deal
with non-conservative but conservative processes. The subtlety that makes Hamilton’s principle
unsuitable for non-conservative systems is that the evolution and final configuration of such
systems must be dictated by the initial conditions, whereas such a principle is formulated with
boundary conditions. Working on this point, Galley [74] presented a formulation for Mechanics
which is well suited for the treatment of generic conservative or non-conservative systems. This
formalism was further developed in [75] to accomadate classical field theories and the treatment
of thermodynamical and electromagnetic processes.

We summarize in this appendix the aspects of the generalized mechanics developed by Galley

which we will make use in this work. For a more complete presentation, see [74] and [75].
Lagrangian formulation

There is a way to treat generic non-conservative systems properly by doubling the number of

degrees of freedom: q — (q1,q2) and ¢ — (§1,q2). The new Lagrangian

A(Qa, 4a) = L (a1, d1) — L(az,42) + K (da; da) » (C.1)

83



C. Non-conservative dynamics

accounts for the conservative effects, given by the usual Lagrangian L, and the dissipative effects

represented by K. The index a = 1,2 can also represent a = +, —, respecting the relations

q1 + 92

p— C.2
q+ 2 ) ( )
q- = 4q1 — Q2. (C.3)
The equation of motion in this case is
dme OA
—t = — C.4
but in the physical limit, (q—,q-) — 0 and (q+,q+) — (q,q), it becomes
drm oA
Dt il C.5
dt [8(1— } p.l ( )
where
oA } oL {GK]
™= |7 =+ |5 . C.6
[3q PN L B el H ()

In the physical limit, only the Euler-Lagrange equation for the "+" variable survives. Hence,

the variational principle becomes

6S
[ asl] (C.7)
6q* p.l.
Hamiltonian formulation
Similarly, we can define a new Hamiltonian
A(Qs,p+) =P+ 4- + P-4+ — A(qs, 4x) (C.8)

and consider a new Poisson Brackets (PB)

0f 99 Of dg , 0f dg  9f 9y

fv g = - - 5 Cg
tth.a3) dq4 Op-  Op-0qi 0q-0py  Opy Oq- (9)
where p is the 'usual’ conjugate momentum
oL
= _—. C.10
P aqi ( )
Hamilton’s equations, in the physical limit, become
a ={a.d} - [{{a+, K}},0 (C.11)
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The momentum p is not quite usual, because p_ is conjugate to q4 while p, is conjugate
to q—. This is an important point. With this new PB, new canonical relations follow as a

(e} = (@)} = (fhr ) = (it =0 (cay

(faat}} = {foent )} =0 ar
(favt}) = {{a i)} = e

Harmonic Oscillator

Let us consider a harmonic oscillator to demonstrate the problem which arises from Hamilton’s
principle and its solution using the formalism presented in the last section. The action for a
harmonic oscillator with amplitude ¢ (¢), mass m and frequency w coupled with strengh A to
another harmonic oscillator is given bellow:

tr

Sia.Q) = [ at|

t;

(q2 - w2q2) + AqQ + % (Q2 — QQQQ)} : (C.16)

o 3

The oscillator ¢ () is open to exchange energy with ) (¢) and consequently should be described
by a non-conservative dynamics. Let us account for the effect of the latter oscillator with the
former by integrating out @ (¢), what leads to the effective action

ty Ly
m ;. 22
Ssld = [at | (& =)+ 20QW 4 5 [ g Gralt =) ()| (Ccan
t;

ti
where Q) is a homogeneous solution. The last term involves two integrals and the product
q(t)q ('), which is symmetric in ¢ + ' and couples only to the time-symmetric part of the

retarded Green function, what allows us to re-write it as

tr
Q\Z/dtdt’q @ {Gm (t —t') + Gado (t—t)} a (). (C.18)

2
Applying Hamilton’s principle to (C.17) results in the equation of motion for ¢ (¢):

ty
A2 Gret (t — 1) 4+ Gogw (t — 1/
mc'j—l—mqu:)\Q(h)—FW/dt/{ 4 )—; o ( )} q(t). (C.19)
t;

The second term on the right side depends on the advanced Green function implying that

solutions to the equation of motion above do not evolve causally nor are specified by initial data
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alone. In addition, the kernel of the integral in (C.19) is symmetric in time, which means that
the integral describes conservative interactions between the oscillators. This tells us that (77?)
does not account for dissipation (a time-asymmetric process).

Now let us the formalism presented in last section to see if it get rid off this problem. Assume
initial conditions ¢ (t;) = qi, 4 (t;) = vi, Q (t;) = Q; and Q (t;) = Vi. The total system is closed
implying that the Lagrangian has no dissipative part K = 0. Doubling the degrees of freedom

and considering the initial conditions, we get the solutions

ty
Qe ()= Q" (1) + 3 [ AGras (¢~ ). (1), (C.20)
A 7 |
Q-(t) = M/dt'Gadv (t—t)q (), (C.21)

where QU (t) = Q; cos Q (t — t;) 4+ Visin Q (t — t;). The "+" variable evolves foward in time and
satisfies the initial conditions while the "—" variable evolves backward in time because of the
equality condition at the final time. This is a general feature of the + variables.

Substituting these solutions in (C.16) results

ty ty
. A2
Sersla+] = / dt |m (qrd- —w?qrq- ) + A Q" + i / dt'qr (t) Gret (t —t') g4 ()
ti t;

(C.22)
The quantity ¢4 (t) g+ (¢') is asymmetric in time and couples to the full retarded Green func-

tion. Applying (C.7) to (C.22) gives the equation of motion

ty
mi +mw?q = QW + Z— [ dt'Gre (t—t)q(t). (C.23)

We now see that the solutions to this equation of motion evolve causually from initial data,

as it is desired.
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D. Radiation reaction in Classical

Electrodynamics

We provide a brief review on radiation reaction in Classical Electrodynamics with a historical
background [105] and shortly discuss the appearance of the Schott terms, which is regarded when
we test the consistency of the main results present in this thesis at the last chapter.

In 1897, after the discovery of electron by Thomson and Lorentz described the forces which

act on the electron when it is accelerated:

2
mv:FL—i—ge2

a, (D.1)
where Fr, = e (E + v x B). In that year, Larmor provided the formula for the radiation rate of

an accelerated electron, which was generalized to the relativistic case by Heaviside

dE 2
d—TR = gezaaaa, (D.2)

In the former case, the derivatives are taken with respect to time ¢; in the latter case, they are
taken with respect to the proper time 7. Further progress was made by Abraham, in 1903, when
he derived the rate of momentum carried away from the charge by radiation, which relativistic
generalization is given by

ap" 2 5 L
4 = 3¢ 0 aav”. (D.3)

The motion of charged particles in external force fields necessarily involves the emission of
radiation whenever the charges are accelerated. The emitted radiation carries energy, linear
and angular momenta and so must influence the subsequent motion of the charged particles.
Consequently, the motion of the sources of radiation is partially determined by the manner
radiation is emitted.

An accelerated charged particle loses energy and momentum emmiting electromagnetic waves.

Besides, the electromagnetic field of the particle also acts as a recoil force to the particle’s

moviment. These two facts are kown by the name of radiation reaction. As mentioned above,
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D. Radiation reaction in Classical Electrodynamics

this phenomenum has been studied since the end of XIX century and until nowadays it finds
place in the scientific research.

The radiation reaction is observed in special situations which satisfy an energetic criterion, i.e.,
for the radiation reaction be neglected is that the radiated energy be very small in comparison
to the particle’s kinetic energy.

a) A charge that was at rest is accelerated by an external force during a time interval 7.
Comparing the energy radiated away (Larmor formula) with the kinetic energy acquired during

the acceleration, we find that the radiaction reaction can be neglected if

2 e?
T>Z—. D.4
> 2 (D.4)

If the charge is an electron, using CGS units for instance, we have T > 7.10~%*

s. In this time,
electromagnetic waves travel 1071°m. Then, the radiation reaction is expected to be detected if
the external force acts on the particle during a time shorter than 10~%4s.

b) A charged particle in periodic motion gives the same result as above.

We must observe that the electronic Compton wavelenght is of order 107'°m. This size gives
the "limit" between classical and quantum effects. Then, time intervals shorter than 10724s
involves distance even smaller than the Compton wave lenght of the eletron, what means, in
my opinion, that the radiation reaction for the eletron should be treated only in a quantum
approach.

A lots of works were done treating the radiation reaction for extended charged particles (taking
the limit of its radius to zero) in a classical approach. One of the most well succeeded works
on this subject was done by Dirac in 1938. He did a relativistic analysis of the worldline of
an electron surrounded by a tube whose surface he used to calculate the flow of energy passing
through it. Proceeding this way, he wrote the equation of motion for an accelerated electron,

known as the Abraham-Lorentz-Dirac (ALD) equation:

2 2
muy, — 562’5“ — gez\'/Qvu =eu F,”, (D.5)

where F), is the field that accelerates the electron. We can make some comments on the equation

above:
e The first term is related to the kinetic energy of a particle with rest mass m.

e The second one is known as the Schott term and it comes from the recoil force on the
charged particle generated by its own electromagnetic fields. A detailed analysis of the

Schott term origin is given at [106].
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e The last term at the left hand side is the radiation term, i.e., a reaction force due to the

energy emmited by the charge in form of electromagnetic waves.
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