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Abstract

In this thesis we study the dynamics of a gravitationally bound binary system composed of two
spinless compact objects, which could be black holes or neutron stars, in the post-Newtonian (PN)
approximation scheme of general relativity. The predictions obtained within this scheme have al-
ready been fundamental for the observation of gravitational waves by the LIGO-Virgo-KAGRA
collaboration, yet an improvement of their accuracy will be of uttermost importance to match the
precision of future gravitational wave observatories, such as Einstein Telescope, Cosmic Explorer
and LISA.

Specifically in this work we employ an effective field theory approach to the gravitational dynamics,
applying modern diagrammatic techniques to address the computation of the post-Newtonian cor-
rections: these techniques have been first developed in the context of quantum field theory for the
evaluation of elementary particles scattering amplitudes, yet recently they have been successfully
applied also to the study of coalescing binary systems in general relativity.

Using these techniques we thoroughly derive the corrections to the Lagrangian of the binary system
up to the 2.5PN order (v°), i.e. at next-to-next-to-leading order in the conservative sector and at
leading order in the dissipative sector. The former sector includes corrections to the binding energy
of the binary system, whereas the latter encodes radiation-reaction effects. From these results then
we analytically compute the observable gravitational wave.

To evaluate the conservative diagrams we have also developed a Mathematica code, which we apply
as well to evaluate some selected conservative diagrams first contributing at 7PN order (v'4), so
N7LO corrections to the Newtonian potential.

Finally, we perform a Fisher matrix forecast on the precision with which the future space-based
LISA gravitational wave observatory will be able to constrain possible deviations from general rel-
ativity during the early inspiral phase of compact binary systems. In particular we introduce a
parametric deformation of the post-Newtonian expression for the phase of the emitted gravitational
waves, finding that it may be possible to constrain relative deviations from the post-Newtonian co-
efficients ranging from (0(0.1) for the 2PN coefficients to O(0.001) for the leading order one.
Throughout this thesis we review many of the needed topics and explicitly evaluate most of the
necessary results, with the aim of presenting an accessible and self-contained exposition, spanning
from the derivation of the post-Newtonian corrections to their application in a phenomenological
analysis. The approach presented in this thesis could possibly be extended to modified theories of
gravity as well.
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INTRODUCTION

Ever since Einstein formulated its theory of general relativity in 1915 there has been a steady
interest in the study of the new phenomena predicted by this new theory, the most renowned of
them being gravitational waves. Gravitational waves are perturbations of the spacetime which
can propagate indefinitely: this novel prediction, at first almost controversial, spurred a lot of
interest, both as a way to either confirm or refute the theory of general relativity, and on its own,
since gravitational waves represented a new potential probe to explore the cosmos, similar but
complementary to electromagnetic waves.

In fact the spacetime is so stiff that only the most energetic events in the universe can produce
gravitational waves with an amplitude large enough to possibly be observed; yet once produced they
can travel almost undisturbed, up to us. For this reason gravitational waves may be employed to
observe extreme phenomena which cannot be studied by any other means, such as the coalescence of
compact binary systems which comprise black holes and neutron stars, among many others. These
observations can scrutinize our fundamental physical theories in regimes otherwise unattainable,
looking for possible deviations from them and for hints toward new physics.

This motivated the great experimental effort, which went on for several decades, to build ever
so sensitive detectors capable of detecting gravitational waves. This exceptional endeavor finally
culminated in 2015 with the first direct observation of a gravitational wave signal by the LIGO-Virgo
collaboration [1, 2]: the exquisite sensitivity of the interferometric detectors allowed to measure the
gravitational waves produced by the coalescence of two black holes, an extreme event which took
place more than a billion years ago. Since then more than 90 events have been observed during
three observing runs with ever increasing sensitivity [3-5], and already over 30 candidates have
been observed during the first three months of the currently ongoing fourth (O4) run [6].

Nonetheless such accomplishments are based also on a significant amount of theoretical work. The
theory of general relativity is non-linear and can be solved exactly in very few instances, therefore
suitable approximation schemes are necessary to obtain quantitative predictions for realistic and
physically relevant scenarios: this is also the case for the gravitational waves emitted by coalescing
binary systems.

To study this problem then several different and complementary formalism have been introduced,
each tailored to study a specific phase in the evolution of the binary system. Specifically, among
the several methods used to study the stage prior to the coalescence of the two compact objects,
which is denotes as the inspiral phase, there are the post-Minkowskian formalism [7-11], which
performs a perturbative expansion in the strength of the gravitational field %—T < 1, related to
the gravitational constant G; the post-Newtonian formalism [12-23], which performs an expansion
both in (C;Q—”: < 1 and in the velocity Z—; < 1 of the compact objects; and the gravitational self-force
formalism [24, 25|, which is akin to an expansion in the mass ratio % < 1, since it treats the
second lighter compact object as a perturbation of the exact general relativistic solution for the first
object. Other techniques are able to describe also the merger phase, when the two compact objects

X
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coalesce; among them numerical relativity [26-29], which solves numerically Einstein’s equations;
and the Effective-One-Body formalism [30, 31], which is a semi-analytical method that employs
the results from the other formalism by properly resumming them. Finally other methods, such
as black-hole perturbation theory [32-35], are used to study the last stage after the coalescence,
which is denoted as the ringdown phase.

In particular in this thesis work we will focus on one of the historically most studied approximation
schemes, the post-Newtonian formalism, which is well suited to describe the dynamics of compact
binary systems during the long inspiral phase which precedes their merger, where the velocities v
of the compact objects are still low enough. In fact this formalism evaluates the general relativistic
dynamics of the binary system as a perturbative expansion in the parameter Z—z ~ i’;’j} < 1,
obtaining a series of corrections to the classical Newtonian result. The post-Newtonian formalism
has been introduced by Einstein himself, and the next-to-leading order 1PN dynamics have been
computed already 1917 by Droste and Lorentz [13] and in 1938 by Einstein, Infeld and Hoffmann
[12]. Despite this, the evaluation of higher orders corrections proved to be more difficult, presenting
several subtleties and requiring a huge effort over the last century; currently the 4PN order has

been addressed and cross-checked using a variety of approaches [36-39].

Among these methods, recently it has been put forward also an effective field theory approach to
the study of the dynamics of binary systems in general relativity, which since then has allowed for
a great and steady progress in the computation of post-Newtonian corrections, and which will be
the focus of this thesis work. While in the past this problem had already been considered from
a field theoretical and diagrammatic point of view [40-42], this method was formalized in 2004
in the seminal paper [43]. One of its main strengths is that the effective field theory framework
is able to take advantage of the hierarchy of scales which is present in the two body problem to
reduce the complexity of the computations: roughly speaking it handles the gravitational field as if
it was composed of potential gravitons, mediating the gravitational force between the two compact
objects, and radiation gravitons, representing the gravitational waves. Additionally this method
allows for a systematic inclusion also of spin and finite size effects, which are needed to accurately
model realistic binary systems.

The turning point in the application of this method however has been the introduction, a few years
later, of a diagrammatic viewpoint regarding the evaluation of the post-Newtonian perturbative
corrections: in reference [44] it was established a map between diagrams involving potential gravi-
tons and multi-loop Feynman integrals in massless quantum field theories. This allows to employ
multi-loop quantum field theory techniques, such as integration-by-parts identities [45-47] and the
method of difference [48, 49] and differential equations [50-56], which were first developed in the
context of particle physics, to address the computation of the post-Newtonian corrections. Since
then, using these modern techniques, approaches based on Feynman diagrams [44, 57-65] and scat-
tering amplitudes [66-76] have allowed to efficiently evaluate higher order corrections; while still
yielding fully classical results. The synergy between this approaches enabled to achieve partial
results up to 6PN for spinless and featureless systems [59, 64, 65, 77, 78], yet advancing the state of
the art also regarding corrections due to spin [79-82] and finite size effects [83, 84]; still even higher
order corrections will be needed to fully exploit the capabilities of next generation gravitational
wave detectors.

A great effort is in fact underway in order the develop the next third generation of gravitational
wave observatories, such as the ground based Einstein Telescope [85-87] and Cosmic Explorer [88-
90], and the space based LISA [91]: they will greatly improve over the sensitivity of the current
detectors, exploring also new frequencies bands, promising to unveil many scientific discoveries in
the next decades.

Motivated by these future prospects, in the second part of this thesis work we will forecast the
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capabilities of future gravitational wave observatories to constrain possible deviations from general
relativity. In particular we will be interested in assessing the precision with which it will be possible
to measure relative deviations from the predictions of the post-Newtonian theory, based solely on
the observation of the early inspiral phase of compact binary systems; we will find LISA to be the
observatory best suited for this task. We will then proceed by parametrizing the deviations from
general relativity by introducing several deformation parameters in the expression for the phase of
the observed gravitational wave signal, performing a test similar to the one already carried out in
references [92-96].

Outline of the thesis work
The thesis is structured as follows:

e In chapter 1 we overview the theory of general relativity and the standard treatment of
gravitational waves in linearized general relativity. In particular we explore how the linearized
theory can be used to describe the generation of gravitational waves and their propagation,
focusing then on gravitational waves generated by compact binary systems. Next we briefly
introduce some notions about gravitational wave detectors. Finally we discuss the regime of
validity of the linearized theory, and outline other approaches (such as the post-Newtonian
approximation) which are able to overcome these limits, pointing out their complementarity
as well.

e In chapter 2 we overview the frameworks of effective theories and of quantum field theory in
the path integral formalism. We then present some modern evaluation techniques which are
employed to evaluate multi-loop integrals appearing in quantum field theories.

e In chapter 3 we overview the construction of an effective theory which yields the post-
Newtonian corrections to the dynamics of compact binary systems. In particular we first
outline some key concepts using a toy model, presenting then the actual construction of the
effective theory. In the end we explicitly show how the classical Newtonian gravitational
potential follows from this construction.

e In chapter 4 we obtain the post-Newtonian corrections to the binary dynamics. In particular
we start by outlining the evaluation procedure for diagrams which result in conservative
contributions to the binary dynamics; then we explicitly evaluate all the next-to-leading order
(IPN) corrections to the conservative sector; finally we generalize this procedure. We then
present the Mathematica code which we wrote in order to automatize the evaluations of these
conservative diagrams; and proceed by reporting the next-to-next-to-leading order (2PN)
corrections to the conservative sector. Then, to illustrate the flexibility of the aforementioned
code, we evaluate a few contributions which are N'LO (7PN) corrections to the Newtonian
potential, beyond the present state of the art.

e In chapter 5 we evaluate the leading order diagrams entering in the dissipative sector, obtain-
ing the leading order power loss for the compact binary system due to gravitational waves
emission. We conclude by evaluating also the leading order gravitational waveform directly
in the effective theory, using the in-in formalism.

e In chapter 6 we present how to derive observables from the results obtained in chapter 4 and
5: complementing them with other results present in the literature we explicitly obtain the
analytical expression for the gravitational waveform in the post-Newtonian theory.

e In chapter 7 we perform an observational forecast on the precision with which the future
space-based gravitational wave detector LISA will be able to constrain possible deviations
from the theory of general relativity. We discuss the parametrization employed to quantify
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these deviations, estimating also the optimal trade off between statistical and systematic
errors. Then we briefly introduce the modelization of the LISA instrument and the Fisher
matrix formalism. In the end we present and discuss the results obtained for the forecast.

Finally in the Conclusions we summarize the main results of this thesis work, discussing also about
possible extensions.

Furthermore some additional discussions and evaluations are presented in the appendices:

e In appendix A we outline the procedure to derive the Feynman rules for the effective theory
presented in chapter 3, and then proceed to explicitly evaluate the needed expressions.

e In appendix B we report the definitions and properties of some recurring mathematical func-
tions.

e In appendix C we explicitly evaluate the integrals which were needed to obtain the results
presented in chapter 4. Furthermore we also show the application of the evaluation methods
presented in chapter 2.

e In appendix D we report some extracts from the Mathematica code and an example of its
use.



| NOTATION

The notation and a list of conventions adopted throughout this thesis are presented hereafter.
Physical constants and units

We define the reduced Planck mass as mp; = which is a factor of two smaller than the

h
EPETel
more widely used definition.

In chapter 1 the Planck constant & and the speed of light ¢ will be written explicitly, while in the

rest of the thesis we’ll frequently adopt A = ¢ = 1 units; the solar mass is denoted by Mg.

Space-time, metric, indices and vectors

The dimension of space-time is 3 + 1; nonetheless when needed dimensional regularization will be
adopted, in which case the dimension of space-time will be taken to be d + 1, with d — 3 at the
end of calculations.

For most of the work we will adopt a mostly minus metric signature, so for d = 3 it means
N = diag(+, —, —, —). Only in chapter 1, in the end of chapter 6 and in chapter 7 we will employ
the opposite, mostly plus metric signature 7,, = diag(—,+, +, +), as it is customarily used when
dealing with observables.

We employ Einstein summation notation, where summation over contracted indices is understood.
We use letters from the Greek alphabet to denote space and time components, e.g. u = 0,1,2,3;
while we use letters from the Latin alphabet to denote spatial components only, e.g. ¢ = 1,2, 3.

The contravariant components of four-vectors are denoted by x*, their spatial part only by z?; the
latter in vectorial form is denoted by x; therefore the coordinates are 2# = (2%, x), where °
The notation kz understands a contraction between the two four-vectors, as kx = g, ktz" =
kyat = +k%29 — Ela?; in particular we define k'z? = Zle kx' = k - x, that is, two spatial vectors
with same spatial upper index are understood to be summed over that index via the Kronecker
delta (57,]

= ct.

We define the Lagrangian density £ via
1
S = /dtd?’x\/—gL == /d4a: —g4L, (N1)

C

with g = det(gu) < 0 is the determinant of the covariant metric tensor.

Symbols and tensorial quantities

The Christoffel symbol is

1
Ffw = §gpoz (a,ugzxa + 81/9#0{ - 8&9#1/) . (NQ)

xiii
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The Riemann tensor is defined as

Ruypa = apF — 0y FN + Floépl—‘sa Faargp ) (N3)
the Riccl tensor is
Ry, = R®uon (N4)
while the Ricci scalar is
R=¢""Rp . (N5)

0123

The Levi-Civita symbol is the totally antisymmetric tensor eP?  with € = +1; or when re-

stricting to d = 3 space, the totally antisymmetric tensor €% with '3 = +1.

Tensor (anti)symmetrization

We use round brackets to denote symmetrization of the corresponding indices, and instead square
brackets to denote their anti-symmetrization, for example:

1 1
AW = (A Ay Al = (A - AT (N6)
If the indices are not contiguous we employ a vertical bar to delimit them, for example:
1 1
Alplvple) _ — ¢ gpvpo | govop ARWplo] — Z ( ppvpo _ pmopry N7
S (AP 4 g7ven) - ( ) (N7)

Fourier transform

The general d-dimensional Fourier transform conventions, in the mostly minus signature, are:

£ = [ ata fa) et (N8)

d
@) = [ Gy F e (N9)
(2m)4 50 (k) = / dly it (N10)
2m)4 6@ (z) = /ddk etk (N11)

while in chapter 1, 6 and 7 the sign in the exponential is opposite, due to the mostly plus signature.
In particular, when we will be working in d + 1 dimensions with the mostly minus Minkowski
background metric, these conventions will explicitly read:

f(ki) _ /dd+11,‘f(113) etk /dd+1xf(a:) ei(koxo—k-x) (N12)
da+1E da+1E 0.0

f(l“):/(%r)dﬂf() _m:/@ﬂ)d“f() e /(T kex) (N13)

(27T)d+1 5(d+1) (kj) _ /dd+1$ etk (N14)

(27T)d+1 6(d+1) (.’L‘) _ /derlkeikx ) (N15)

Integral compact notation

To streamline the calculations in d+1 dimensions we will sometimes employ the shorthand notation

for integrals
dd-‘rlk dd+1
N16
/k% / 27‘r d+1 2ﬂ. d+1 - ( )




GENERAL RELATIVITY AND
GRAVITATIONAL WAVES

In this chapter we review the theory of general relativity and the mathematical description of
gravitational waves in the linearized theory.

In particular in section 1.1 we briefly present the theory of General Relativity; in section 1.2 we
present gravitational waves and outline some related phenomenology; in section 1.3 we introduce
the mathematical description of gravitational waves in linearized general relativity, specializing it
in section 1.4 to the case of compact binary systems; in section 1.5 we proceed to discuss the
gravitational wave detectors and their response to incoming gravitational waves; finally in section
1.6 we discuss several formalism which go beyond the linearized general relativity, with a particular
focus on the post-Newtonian formalism.

1.1 | General relativity

The theory of general relativity was developed by Albert Einstein, who published it in 1915 [97,
98].

General relativity is based on a geometrical interpretation of the theory of gravitation: it posits
that what was previously regarded as the gravitational force is actually just the effect on matter
and energy of the specific geometry of spacetime, and in turn that geometry is dictated by those
same matter and energy components which are present in the spacetime.

This geometrical view also allows general relativity to naturally embody FEinstein’s equivalence
principle, which states that for each point of the spacetime it’s possible to find an appropriate
coordinate system for which, in a small enough region around that point, the laws of physics
reduce to those of special relativity, if we neglect gravitational tidal effects [99-102].

To formalize mathematically such ideas, general relativity is formulated in the language of dif-
ferential geometry. Therefore spacetime is a Lorentzian manifold, while physical quantities are
expressed by means of tensor fields defined on it. Such a framework allows us to automatically
satisfy the equivalence principle, as formulae with a proper tensorial structure guarantee general
covariance: that is, those formulae are invariant in form under coordinate transformations specified
by a diffeomorphism, where a diffeomorphism is a function which is differentiable, invertible, and
with a differentiable inverse. In particular, it is always possible to construct local inertial coordi-
nates in which the metric is locally Minkowski, up to tidal effects [101]. This also implies that all
coordinate frames related by a diffeomorphism describe the same physics equivalently, and so that
general relativity has a huge local gauge invariance under the group of arbitrary diffeomorphism
[103].



2 Chapter 1 — General relativity and gravitational waves

General relativity can be formulated resorting to the principle of least action: to do so one starts
by assuming the gravitational action to be given by the Einstein-Hilbert action [100, 103]

c 4
16nC /d rv—gR, (1.1)

where g = det(g,,) < 0 is the determinant of the covariant metric tensor.

SeEH =

One may also couple gravity to matter fields by introducing the matter action Sp;, which is usually
obtained starting from a flat space Lagrangian £ and employing the minimal coupling principle,
according to which the metric becomes generic 7, — g (), ordinary derivatives are substituted
with covariant derivatives 9, — V,,, while the volume element for the integration over spacetime
is taken to be dV = ¢~ d*z /=g to be consistent with convention (N1); therefore:

Sy = % /d‘*x\/fgﬁ . (1.2)

From the last expression follows also the definition of the energy-momentum tensor T}, [103]
2¢ 0SSy
Tw=—F—<_ -
V=g dg"

Finally, varying the full action S = Sgpg + Sy with respect to the inverse metric g, we get
Finstein’s equations [99-101, 103, 104]:

(1.3)

1 8rG
R,uu - iguuR = CT

where G = 6.674 30(15) m® kg~ ! s72 is the Newtonian constant of gravitation [105], Ry, is the Ricci
tensor (N4) and R the Ricci scalar (N5). The left hand side of equation (1.4) is also called the
Einstein tensor G, which identically satisfies the Bianchi identities V#G ,,, = 0 [100, 101].

TMV Y (14)

The vacuum Einstein’s equations, that is, with 7),,(z) = 0, can be cast into a well posed system
of nonlinear hyperbolic partial differential equations [106]. We can also notice that Einstein’s
equations are ten, due to the fact that the tensors in them are symmetric under the exchange of
the p and v indices. Actually, due to the Bianchi identities, four equations are constraints on the
initial conditions, while only six are dynamical second order differential equations. Further, this
means that to unambiguously evolve Einstein’s equations, one should provide four conditions which
fix the coordinate system [99]. Nonetheless, as we’ll see in section 1.3.2, in general relativity there
are only two radiative degrees of freedom.

Such differential equations are however generically too difficult to be solved analytically, espe-
cially when general relativity is coupled to matter fields or the physical setting presents few or no
space-time symmetries; this is actually what happens in most realistic scenarios. In fact, few exact
analytical solutions of Einstein’s equations are known. For example, aside from the Minkowski met-
ric, the most known asymptotically flat vacuum stationary solutions are the Schwarzschild metric,
which describes the metric outside a spherically symmetric body which posses only mass; the Kerr
metric, which describes a massive rotating axially symmetric body; the Reissner—Nordstrom metric,
which describes a spherically symmetric massive charged body, once we add electromagnetism as a
matter field in (1.2); and the Kerr—Newman metric, which describes an axially symmetric rotating
massive charged body [100, 101, 104, 107]. Another widely known solution, of interest in cosmology,
is the Robertson—Walker metric, which describes a spatially homogeneous and isotropic expanding
spacetime, eventually with a non zero spatial curvature [99, 108, 109]. Therefore, apart from the
aforementioned idealized cases, one has to resort to perturbative schemes or numerical methods to
study realistic physical scenarios in general relativity: in fact we’ll do so, starting with linearized
general relativity in section 1.3.1, and later on presenting in section 1.6 some approximation schemes
which go beyond it.
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1.2 | Gravitational waves in general relativity

Gravitational waves may be defined as perturbations of space-time, that propagate through it.
In particular we will make this statement more quantitative in section 1.3 in the framework of
linearized general relativity: there we will see that, given the right assumptions, gravitational
waves can be treated as small perturbations h,, of the background metric g,,, and these small
perturbations satisfy wave equations similar for example to the one electromagnetic waves abide
to. In this framework then gravitational waves are produced by the acceleration of masses (more
precisely by a source with a non vanishing second time derivative of the mass quadrupole moment
at leading order, as we’ll see), and propagate away as a warpage of space-time at the speed of light.

1.2.1 Historical overview

The existence of gravitational waves was inferred by FEinstein himself already in 1916, one year
after having postulated the theory of General Relativity [1, 110-113]. Nevertheless, due to the
large gauge group of general relativity, which is invariant under generic space-time diffeomorphism,
the issue of whether gravitational waves were real or just an artifact of the theory was a subject of
debates for a long time: at one point even Einstein himself erroneously asserted the possibility of
their non-existence [112].

Only at the Chapel Hill conference, which took place in January 1957, theoretical consensus was
reached about the reality of gravitational waves [1, 112, 114]. In particular Pirani pointed out that
the components of the Riemann tensor (N3) are related to the relative physical accelerations of
neighboring free particles, which are experimentally measurable quantities, for example employing
a gravity gradiometer [104], and therefore let us overcome the gauge issue [112, 114]. Furthermore,
at the same conference, Feynman presented his famous sticky bead argument: if at each opposite
end of a bar one places a ring of sticky beads, when a gravitational waves passes transversely to the
bar, it will generate tidal forces on the system; especially, it will generate a longitudinal compressive
stress on the bar [112]. This will make the beads and the end of the bar accelerate differently, and
therefore move one with respect to the other: therefore in the sticky point of contact between the
bar and the beads there will be friction, and therefore heat. This means that gravitational waves
must carry energy, as they were the only source of energy in the system that could have produced
that heat in first place [112].

Incidentally, the first attempts to actually detect gravitational waves were carried out by Weber in
the 1960s: the principle was to look for mechanical oscillations induced in large metal cylinders,
called resonant bars, by the passage of a gravitational wave [103, 112, 115]. Over four decades, they
were improved to reach almost useful sensitivity, and a network of them was built; there were also
claims of the discovery of gravitational waves [116], but they turned out to be erroneous due to
an ill-defined statistical treatment of coincidences [112, 117]. The big drawback of resonant-mass
detectors is that they’re high frequency, low bandwidth detectors: this seriously hindered their
ability to detect astrophysical sources [103].

In 1974, Hulse and Taylor detected the PSR B1913+16 binary pulsar [118]. Over the years this
system has been carefully tracked and its orbital dynamics precisely reconstructed: this allowed
for very precise tests of the theory of gravitation [119]. In particular it allowed them to probe the
existence of gravitational radiation, due to the fact that the measured change in the binary orbital
period was in excellent agreement with the one predicted by general relativity [103]. Even though
this observation didn’t directly detect gravitational waves, the fact that accelerated mass radiated
gravitational energy pointed to their existence [112].

Gravitational waves from a binary black hole merger were finally observed by the LIGO and Virgo
collaborations in 2015 [1], using the two LIGO gravitational waves interferometers in the United
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States. This strengthened once again the evidence in favor of the validity of general relativity, and
opened up a new, and sometimes unique, probe to explore the universe and many astro-physical
phenomena. In particular the strength of these interferometric detectors is that they’re sensitive
to gravitational wave signals with frequency from a few tens to few hundreds of Hz: therefore their
bandwidth is quite large and can be made to coincide with the frequencies relevant in the inspiral
and merger of astrophysical compact object binaries, as we will see also in section 1.5.

After two years of upgrades, a new signal was detected in both the Advanced LIGO and also the
european Advanced Virgo detector [120], allowing for more detailed tests about the nature of gravi-
tational waves. Shortly after came also the first joint detection of gravitational and electromagnetic
waves produced by a binary neutron star merger [121], which ushered in the multi-messenger as-
trophysics era. In the next future the ever-increasing sensitivity of these detectors, in combination
with the inclusion in the gravitational wave detectors network of KAGRA in Japan and of LIGO-
India [122, 123], will allow for almost daily detections [124]: this will make more detailed studies
of general relativity and astrophysical phenomena possible, also in a statistical framework due to
the expected large number of events.

Regarding the near future, the third generation of gravitational wave observatories is already under
development, for example with plans to build Einstein Telescope in Europe [85-87] and Cosmic
Explorer in the United States [88-90]. They will be much more sensitive than current detectors,
potentially enabling a new host of discoveries. Nonetheless, ground-based interferometers are in-
trinsically limited to be sensitive only at frequency above about one Hz, due to the Newtonian
and seismic noise: in order to explore the gravitational wave spectrum at lower frequencies there
are several plans for space-based gravitational observatories, to be launched already starting in the
2030s. This is the case for the Laser Interferometer Space Antenna (LISA) [91]: it was proposed
in the 1990s, but only recently it has entered the final mission study stage, which precede mission
adoption that will lead to the spacecraft construction, with an expected launch date in 2037 [125].
These projects have also the potential to study quantities and phenomena of interest in cosmology
[86, 126], such as the presence of a cosmological stochastic gravitational wave background: among
other things they could probe gravitational waves produced in some inflationary scenarios [127,
128] in a complementary way with respect to the usual study of the B modes of the CMB [129].

1.2.2 Gravitational waves phenomenology

In this section we’ll briefly outline some phenomenology related to the field of gravitational waves.

In particular in this work we will be mostly interested in studying binary systems made of two
compact objects orbiting each other under their mutual gravitational attraction. In fact such sys-
tems are one of the main mechanism by virtue of which gravitational waves are copiously produced:
presently we’ve directly detected gravitational waves produced only via this mechanism.

Indeed in such systems, as we will discuss in section 1.4.3, the motion of the bodies in the binary
produces gravitational waves, which carries away energy from the system, forcing the two bodies
to get closer and closer in what’s called the inspiral phase. In particular the amplitude of the
gravitational waves is higher for more massive systems, and the gravitational radiation emitted
increase in amplitude and frequency as the two bodies get closer, in what’s called a chirp signal.
If the bodies are compact enough, which in turn is possible only if they’re heavy enough to start
with, they will eventually get so close that strong general relativistic effects will become domi-
nant, disrupting the orbital motion into a plunge phase, after which the two bodies will undergo
the merger phase. The result of the merger is a single compact body, which will start from an
excited state due to the violent process from which it was created, and hence will lose energy
via gravitational wave emission, during the ringdown phase, until it settles into its ground state.
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Nonetheless these systems are usually so far
away from us, hence the gravitational wave am-
plitude so faint, that we may hope to detect
the signal produced in the coalescence of the
bodies only for very massive systems, once they
get really close to each other; that is, towards
the end of the long inspiral phase and in the
subsequent merger and ringdown phases. This
inspiral phase is actually extremely long, and
the initial evolution proceeds really slowly: in
fact, considering binary systems with mass of a
few M, and an age comparable to the one of
their host galaxy, then these system could have
coalesce by today only if their initial orbital pe-
riod was less than a day [103]. In figure 1.1
are depicted the last phases for the evolution of
the first binary black hole system ever observed
coalescing.

The characteristic length at which strong
general-relativistic effect are dominant, and
where roughly happens the transition between
inspiral and plunge phases, is given by

(1.5)

which is the Schwarzschild radius associated
to the mass m [100, 101]; here Mg =
1.98841(4)-10% kg is the solar mass [130]. In
particular Rg is the value of the radial coor-
dinate of the Schwarzschild metric where the
future event horizon of a non-charged, non-
rotating and spherically symmetric black hole
is located [100, 101, 107]; nonetheless its nu-
merical value gives an order of magnitude esti-
mate for the distance at which general relativ-
ity must be taken into account also when used
in the Newtonian mechanics calculations [103].
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FIGURE 1.1 Plots depicting the time evolution of
the binary black hole (BBH) system which was dis-
covered with event GW150914, the first direct gravita-
tional waves detection [1, 2]. The top panel shows the
expected strain that the gravitational wave induced
in the LIGO Hanford observatory, as reconstructed ei-
ther via an ad hoc numerical relativity simulation (red
line) or template waveforms (grey band), with param-
eters tuned to the most likely ones, as obtained by
the analysis of the recorded signal. In the upper part
we can see also a depiction of the subsequent phases
which the black holes went through: the inspiral which
brought them closer, followed by the merger and the
ringdown, which produced the new, final black hole;
furthermore we can see that the amplitude of the de-
tected signal peaks around the moment of merger. In
the panel below are represented the Keplerian effective
relative distance R%, in units of Schwarzschild radii Ry,
as defined in equation (1.5), and the Keplerian effec-
tive relative velocity 2, evaluated using the formulae
that will be presented in section 1.4.3. Figure taken
from [1] under the license conditions.

Let us also recall that a black hole is actually defined as a compact object with a future event
horizon, that is, an hypersurface within which future-directed time-like or null geodesics (read an
observer or a light ray) may enter, but never escape [101, 107].

From this discussion we can see that the binary systems we may hope to detect are made of heavy
and compact objects, where now we can more precisely specify the latter adjective as those objects
with a characteristic length comparable with their Schwarzschild radius: this compactness allows
them get extremely close to each other before merging or being tidally disrupted. The astrophysical
objects which satisfy such conditions are either neutron stars (NS) or black holes (BH), and the
binary system they may form are denoted as Binary Neutron Star (BNS), Binary Black Hole (BBH)
or Neutron Star-Black Hole binary (NSBH) systems.

Still it must be noted that what we’ve just described is not the only mechanism of production of
gravitational waves: among others also rotating neutron stars may produce gravitational waves if
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their shape is asymmetric enough, for example due to small bumps or overdensities on their surface;
similarly also supernovae may produce copious amounts of gravitational waves if the explosion is
asymmetrical enough; furthermore we expect the universe to be permeated by a stochastic gravi-
tational wave background due to the superposition of gravitational waves produced by a plethora
of phenomena. For the latter of great interest is the cosmological stochastic background due to
gravitational waves produced in the early universe, for example by inflation, but possibly also by
phase transitions or more exotic phenomena such as cosmic strings [132, 133].

Regarding this aspect, recently the NANOGrav collaboration, using pulsar-timing arrays, was able
to collect evidence for a stochastic gravitational wave background, probably due to the superposition
of gravitational waves emitted by many supermassive black hole binaries, although it’s possible for
this signal to be of cosmological origin or of even more exotic nature [134].

Furthermore the observation of compact binary system via gravitational waves can give a lot of
astrophysical informations about the evolution of their progenitors: just as an example, if future
gravitational waves observatories were to observe mergers at redshift z Z 30, so before the first
population III stars formed, then this would give a strong evidence for the existence of primordial
black holes. Restricting instead to compact objects of astrophysical origin, and overlooking pos-
sible exotic compact objects, we can study their mass distribution (see also figure 1.2) and their
merger rate. In particular we have that due to the stellar evolution the lower mass expected for
a neutron star is of order Mygmin =~ 1.2 Mg [132, 135]; while for stellar black holes it is of order
MBH min = 3 ~ 5 Mg [136-138]. The upper bounds on the mass of a neutron star is instead given
by the Tolman-Oppenheimer—Volkoff limit, and it’s estimated to be Myg mazr = 2.2 ~ 2.6 Mg, [101,
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FIGURE 1.2 Figure depicting the masses of the black holes and the neutron stars known so far, either
through electromagnetic or gravitational wave observations. In particular, regarding the compact objects
discovered thanks gravitational wave events, in the plot are depicted both the initial bodies and the resulting
ones after merger, connected via an arrow. To produce this plots the events up to the end of the O3 run,
with pgstro > 0.5, were used; where the p,siro statistic quantifies the probability of astrophysical origin of
such events [131]. We can see that as the detector become more sensitive, and so the number of detected
events increases, it becomes possible to perform studies about the compact objects population. Nonetheless
it’s important to recognize that there is a selection bias due to the fact that the detectors are most sensitive
only at certain frequency, and so systems with specific parameters are more readily detected than others:
this explains also why in the plot we have m < O(() 200 Mg). Figure adapted from Masses in the Stellar
Graveyard: GWTC-3, credits of the original image: LIGO-Virgo / Aaron Geller / Northwestern University.
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139]; black holes instead could undergo several mergers and could have masses in a wide range,
depending on several factors. In fact it is expected that the center of the galaxies should host a su-
permassive black hole (SMBH), which may have masses also of the order Mgy gy ~ 10 ~ 109M@
[140]; the observation of gravitational waves produced by the coalescence of (super)massive black
holes binaries, also denoted as (S)MBHBSs, are actually a scientific goal of future low-frequency
gravitational wave missions, such as LISA [91].

Since we’ve already observed several compact binary coalescences, we can infer their merger rate
from these observations: in particular the latest LIGO-Virgo data [141] finds the binary neutron
star merger rate to be Rgyg = (10 ~ 1700) Gpc™3 yr—!, the neutron star-black hole merger
rate to be Ryspy = (7.8 ~ 140) Gpc™ yr—!, and the binary black hole merger rate to be
Rppr = (17.9 ~ 44) Gpc~2 yr~!. In particular this merger rate is found to evolve as a function
of redshift, as well as a function of the component masses: there seems to be some mass gaps, i.e.
the merger rate seems to be strongly suppressed in correspondence of specific mass values, and this
could be due to astrophysical phenomena. On the other hand the merger rate strongly decreases
for systems with total mass exceeding 100M. In fact most of the binary systems directly observed
up until now have a total mass m < 100 Mg, and there are astrophysical evidences for the existence
of super massive black holes with masses m > 106M, [37, 142]; instead much less is known for
intermediate mass black holes (IMBHs), with masses in the range 102My < m < 10°M,, [37, 143].

1.3 | Linearized general relativity and gravitational waves

As outlined in section 1.1, to study general relativity one usually has to resort to some approxi-
mation scheme. In particular in the following we’ll present the linearization of Einstein’s equations
(1.4) around the Minkowski flat metric: this procedure allows to obtain linear partial differential
equations, which are very well understood, and it allows to describe general physical scenarios, un-
der the only assumption of having a weak gravitational field. As we’ll see, this limit in most cases
is not restrictive, and is actually very well suited to study gravitational waves in general relativity.

This section is based mostly on [103]; other references include [99-101, 104].

1.3.1 Linearized general relativity

Linearized general relativity is a theory which approximates general relativity in the regime where
the gravitational field is weak and the spacetime is almost flat. To do so it perturbs the metric
tensor g, (x) around the flat Minkowski one 7),,, and linearizes Einstein’s equations (1.4) in that
perturbation.

Specifically, one assumes that the metric can be written as:
G () = N + hyw () , with |hy, (z)] < 1. (1.6)

This is equivalent to requiring the existence of at least one coordinate frame where the metric can
be written as a small perturbation around the flat Minkowski metric [103, 104].

Having done so, it’s now possible to expand the equations of motion (1.4) keeping only terms of
order O(h), while neglecting all terms of higher order. As a consequence, in the linearized theory
the convention is that indices are raised and lowered using only 7, and not the full metric g,
as the difference would be of order O(h?) [103]; while the inverse metric at linear order is given by
gV = v — v,

To elaborate further on condition (1.6), let us notice that due to the equivalence principle, and
effectively by constructing the Riemann or Fermi normal coordinates [103], the metric can always
be chosen to be exactly g,.,(Z) = nu in a specific spacetime point T and a small perturbation
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of g (x) = nu + 0(0,059,,,(T)) around it [101]. Hence we can recognize that the magnitude
of (apa,gw,(f))*% sets a characteristic length-scale: this gives us the order of magnitude of the
extension of the spacetime region over which we may consider the metric to be flat enough, as
required by (1.6). Moreover, to get a sense of the physical scenarios in which |h,,| < 1 may be
satisfied, let us first recall the Newtonian limit: if we can choose coordinates in which the metric
is stationary, for a weak gravitational field and slowly moving particles it holds ggg = (1 + 2;%),

where ¢ = —GTm is the usual Newtonian gravitational potential [101]. From this last relation
we can then see that hgpc? ~ & ~ —GTM, and therefore even at the surface of stars it holds

h ~ 1075: this means that, as mentioned above, the weak field is an excellent approximation
in many physical situations [101, 104].

It must be noted however that condition (1.6) does not uniquely fix the coordinate frame, or
equivalently the gauge, because we could perform the following gauge transformation (coordinate
frame redefinition):

o't = ot + () (1.7)

with the constraint
|0,&"(z)| ~ O(h) < 1 (1.8)

and still fulfill the aforementioned condition, as will be shown below. Let us notice also that (1.8) is
a requirement concerning only on the derivatives of the field £#(x), which therefore by itself could
assume also a large value and is only required to be slowly varying, both in space and time.

To show such a redundancy, let us start by recalling that under a generic diffeomorphism the metric,
which is a rank 2 covariant symmetric tensor field, becomes

ox® dxP 0x® OxP
/ / g —_— —_ ——_—— 1-9
guu(x) ax/ﬂ am/ygw/(x) 8x’ﬂ ax/y (naﬂ + haﬂ(l‘)) ’ ( )
with (1.7) implying
oz o o€
= = o (1.10)
and therefore (1.6) becomes
ox® 9z
/ AN
g/.Ll/(:L‘ ) - ax/u 8:E/V (naﬂ + haﬂ(x))
B 0,  0& (1.11)

+ hy(z) + O(h?)

= M = oz’ Ox'n
= Nuv + h,/ul/(wl)

where we recalled condition (1.8), while the last line is just the definition of hj,,,, as in (1.6). Finally

this implies that the tensor field h,, (x), under the gauge transformation (1.7), transforms as:
h;w(x,) = huu(l‘) - (alxgu + 8#51/) ) (1.12)

where we neglected terms of order O(h?) as by hypothesis we’re working in linearized general
relativity. We can now recognize that, as long as the condition (1.8) on the smallness of 9,¢,
is satisfied, the transformation (1.7) does not spoil condition (1.6), which specified to the new
tensor reads O(h),, (z)) ~ O(hyuw(x)) < 1; therefore this new coordinate frame is equivalent to the
previous one.

One can also notice that the set of transformations which are a symmetry of linearized general
relativity comprises translations £# = a* with a” = const, spatial rotations, and generically slowly
varying diffeomorphism, while for example boosts may spoil the h,, < 1 requirement [103].
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To obtain the equations of motion for the field h,,(x) in linearized general relativity, first one has
to linearize the expression of the Riemann curvature tensor. To do so one has to replace the metric
g () with the expansion (1.6) in the Christoffel symbols (N2) and in the Riemann tensor (N4),
keeping only terms at most linear in h,,. Doing so one obtains [101, 103]:

Ruvpo = % (0v0phyior + 8Os hup — DuDphuve — ByOohysy) - (1.13)

In particular this expression is invariant under gauge transformations in linearized general relativity,
thanks to the properties of the Riemann tensor under exchange of its indices [103].

It is also customary to define the quantities:

h=n""hu (1.14)
- 1
hyw = by — §th , (1.15)
from which follows also
h=n"hy =h—2h=—h. (1.16)

Recalling (1.13) and adopting the previous definitions, it is now possible to compute the lineariza-
tion of equations (1.4), to obtain the linearized Einstein’s equations [101, 103, 104]:

i . ) 7 167G
Dy + 0070 Frpy — 0701y — 07,1y = —C—ZTW : (1.17)

where [1 = 79,0, is the usual flat space d’Alembertian.

To further simplify the equations (1.17), we can take advantage of the gauge freedom (1.12). In
particular we may choose the so called harmonic gauge, also know as De Donder gauge, which
generically reads

Ou(g"'V~9) =0, (1.18)

and that at linear order reduces to the Lorentz gauge [103]:

on" =0. (1.19)

Applying a gauge transformation (1.12) to (1.15) we obtain

by — E:w = }_L;w — (0uéy + 0uE — M 0,8°) (1.20)

=

Due to the fact that 0§, = ¢, the same gauge transformation applied on (1.19) acts as
,h" — (9,n"") = 8,h" — e | (1.21)

This means that, even if we start from in generic coordinate frame, we can go to the one in which the
Lorentz gauge is satisfied by means of a slowly varying diffeomorphism &*(z) given by [, = 0¥ f_L/W.
In particular this is always possible because, denoting with G(x) the Green’s function of the flat
d’Alembertian operator, such that [, G(z — y) = 6®*(z — y), such a diffeomorphism is explicitly
given by [103]

o) = [ a'yGla ) @"hu)v) (122
Evaluating (1.17) in Lorentz gauge we obtain the much simpler expression
- 167G
Uhyw = ——Tw (1.23)

C
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which with the same Lorentz condition (1.19) implies the conservation of the energy-momentum
tensor in the linearized theory:
0"Tyw =0. (1.24)

Equation (1.23) is the formula which generically describes the generation of gravitational waves in
linearized general relativity, as we’ll see in section 1.3.4, and their propagation and interaction with
test masses: however, as explained in section 1.3.2 and 1.5.1 these last two scenarios can be more
easily studied in the transverse-traceless gauge.

1.3.2 Propagation of gravitational waves

It is customary to study the propagation of gravitational waves in linearized general relativity,
due to the small amplitude expected, and in vacuum, defined as the regions of spacetime where
T, (z) = 0: in this case, requiring also to be in Lorentz gauge (1.19), the linearized Einstein’s
equations (1.23) reduce to the usual flat space wave equation

DRy =0 . (1.25)

In this scenario which we chose, outside the source where T),,(z) = 0, there is a residual gauge
freedom, because the Lorentz gauge condition (1.19) doesn’t fix completely the coordinate frame. In
particular, starting from a frame which is in Lorentz gauge, we can perform an additional coordinate
transformation given by a’# — 2/# = 2/t +¢'H(2"). Therefore, recalling the transformation property
(1.21) of the BW tensor, we have that if we choose the gauge transformation &*(z’) such that
O¢'*(x") = 0, then the new gauge will still satisfy the Lorentz gauge condition k"™ = 0. The
tensor f_L;“, transforms accordingly, as in (1.20); and due to the fact that J¢* = 0 implies O™ = 0,
we have that the linearized Einstein’s equations (1.25) in this new gauge still read Dﬁ;w =0.

This gauge fixing procedure let us single out the real radiative degrees of freedom of general rela-
tivity. In fact, starting from a generic frame, we can choose four £#(z) functions, explicitly given
in (1.22), to move to the Lorentz gauge. Its gauge condition (1.19), which we’re imposing, is a
constraint on four components of l_zw,(a:); therefore the number of independent components of f_LW
is lowered from ten to six [103]. Where the energy-momentum tensor is also vanishing 7}, (z) = 0,
we have an additional residual gauge freedom, that we can fix choosing four additional functions
&M (x") which satisfy € = 0, as explained above. Specifically, we can choose the four functions
¢'(2’) to impose four additional conditions on the B;w tensor, or equivalently on h,. This shows
that the real propagating degrees of freedom of general relativity are only two [103].

We may apply the previous procedure to simplify the generic redundant expression of hy,,, in
particular we may choose &* such as to fix h = 0, obtaining hy, = hy,,, and imposing ho; = 0 [103].
Finally the = 0 Lorentz gauge condition implies that hgg is constant in time, which corresponds
to the static part of the gravitational interaction, and we may set it to zero if we’re concerned
only with propagating time-varying gravitational waves; while the y = ¢ spatial Lorentz gauge
constraints read 9°h;; = 0 [103].

Such choices define the transverse-traceless gauge, or T'T gauge, in which the conditions

hoy =0 Vanishing-non spatial components (1.26a)
d'hij =0 Transverse (1.26D)
§9hij =0 Traceless (1.26¢)

hold [103], and we recognize that these conditions require the h,, tensor to be transverse and
traceless, with vanishing non-spatial components. In particular the perturbation of the metric
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tensor in TT gauge is usually denoted as AT

components.

, where it suffices now to specify only its spatial (i, j)

We underline that we can choose the TT gauge only outside the sources. This is because if
» # 0, we have [Jh,,, # 0; and even though we may still perform a gauge transformation with
OegH = OEM = 0, we cannot use such a transformation to set the components of hw/ to zero [103].

To see this, for definiteness let us choose y =v = 0: recalhng (1.20) we have that hoo = hoo — &00,

nonetheless Dhoo = Ohgo — Oégo = Ohgo # 0, therefore hoo cannot be identically constant.

After having imposed the TT gauge in vacuum, plane waves hg;-T(a;) = e;;(k)e?*® are solutions of
the linearized Einstein’s equation (1.25), where k* = (%, k) with k| = ¥ = @, and e;j(k) is
called the polarization tensor; still one need to take care of taking the real part only at the end
of calculations. If we denote with n the direction of propagation of the plane wave, such that
k* = |k|(1,51) and 6“n;n; = 1, the condition (1.26b) becomes n'h;; = 0, so that we recognize the
condition of transversality with respect to the direction of propagation n.

The expression of a generic solution hg;T(x) of (1.25) in TT gauge can be written as [103]
Wi (a P (00 € 1Az (k) e 1.27
) (27_‘_) Z]( )6 ij( )6 ) ( . )
where the addition of the complex conjugate assures us that hiTjT(ac) will be a real quantity.

We may also introduce a generic orthonormal frame with axes (G, v,n), and consider a wave
propagating along the third spatial axis, so in direction of f, to obtain the explicit expression [103]

WIT (¢, 2) = Zi —th+ 0] cos (w (t—f)); (1.28)
’ 0 0 0 ¢

]
where we made explicit the amplitude hy of the plus polarization, and the amplitude hy of the

cross polarization, which are the two polarization of the gravitational waves defined respectively
with respect to the plus and cross polarization tensors [103]:

et

i (fl) = fliﬁj - {’i{’j s (1.29&)

efj(ﬁ) =0, v; + v;u; . (1.29b)
Due to the fact that gravitational waves are described by a rank 2 tensor, we have that under
spatial rotations of angle ¢ around the propagation axis n, the amplitudes h; and hy mix into
each other with a rotation matrix of angle 2¢ [103]; so for example they get swapped, up to a sign,
by a rotation of 7 radians.

With these definitions we may also specialize the generic solution (1.27) to a gravitational wave, once
produced by a far away localized source, and now propagating along a well defined n direction. In

particular, defining h(f) and hy (f) via <h+(f) ( )+ hs (f) ”(ﬁ)) 52) (% — n) = Jgﬂij(k)’
we obtain:

Feo ~ ~ . 1A
hZY;T(iL')ﬁ = / df (h+(f) ej]_(fl) + hy (f) e j(ﬁ)) e—z%rf(t—zn-x) ) (1.30)

—0o0

On the other hand, starting from a plane wave solution h, (z) in Lorentz gauge of the linearized
Einstein’s (1.23), in the vacuum regions it’s possible to find the components of the corresponding
tensor in TT gauge hfg () without the need to find explicitly the required coordinate transfor-
mation. To do so for a plane wave propagating in direction n, one defines the symmetric and
transverse projector [103]:

Pij() = 6;5 — ninyj . (1.31)
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From this we can define the so called Lambda tensor [103]

Ly () Pa(i) (1.32)

Ayj () = Py () Py (n) — 5

which transverse on each index (e.g. n'A;jp(h) = 0), traceless (Aj p(h) = Ajjgr(R) = 0) and
symmetric under the exchange of (i,j) <> (k,l). Thanks to these properties, the Lambda tensor
can be used to extract the transverse (with respect to n) and traceless part of any symmetric
tensor S, as SZT = Ajjk1(0)Sk. Therefore, given a plane wave EMV(SC) ~ €** in Lorentz gauge

propagating along n = ﬁ, the corresponding spatial components in TT gauge are given by [103]

hijh = Mg (B) hyg = Agj () g (1.33)

whereas the non spatial components are set to zero. If we have a generic solution fLW(:U) in Lorentz
gauge, to obtain the corresponding expression in TT gauge we’d have to apply the aforementioned
procedure in Fourier space to each mode h;;(k) individually, with i = ‘—k| [104].

The properties under rotation of the Ay and hy amplitudes, as in (1.28), which are consequences of
the fact that h,, is a rank 2 tensor, carry over to the characteristics of the quanta of the gravitational
field, the graviton. Indeed, the fact that it has spin 2 is related to the fact that the combinations
hy Fihy acquire the phase T2 after a spatial rotation by an angle ¢ around the propagation axis,
and therefore those combinations are helicity eigenstates with helicities +2 [99, 103]. Furthermore
the graviton is massless, as could be seen for example by the fact that classical equation of motion
DhiTjT = 0 is a Klein-Gordon equation with mg = 0; which also tells us that the gravitons, or
equivalently gravitational waves, travel at the speed of light, as O = n*¥0,0, = c%af — V2 [103].
Experimentally these properties have never been falsified yet: actually stringent upper bounds
exist on the mass as my < 10722 eV [144], while the speed of gravitational waves has been directly

measured to be equal to the one of light, up to a relative difference % < 310715 [145].

1.3.3 Energy-momentum tensor of gravitational waves
As we heuristically outlined in section 1.2.1, gravitational waves carry energy and momentum.

We should hence be able to associate an energy momentum tensor to gravitational waves, but
this is not as straightforward as it may seem: to say that gravitational waves carry energy and
momentum means that they can curve the spacetime, but therefore to study this phenomenon
we should allow the background metric to be generic and spacetime dependent as gw(m), with
Iuw(2) = 91 (®) + My (2), Py (7)| < 1 [103]. However this now leads to an ambiguity in our
definition of what are gravitational waves: we could move any perturbation from g, (v) to h ()
and viceversa, as only the total g, (x) has a physical meaning.

This issue actually cannot be solved in general, as the separation of the metric we performed is
artificial, and can be considered to be well defined only when there is a clear separation between
the scales on which the background metric g, (z) and the gravitational waves perturbation A, ()
vary: for example we can single out gravitational waves if the spatial scale over which g W(x) varies
is much larger than the wavelength of the gravitational wave h,,(x), or if, at a given position, the
Fourier transform of g, (f) comprises a set of frequency which is lower and does not overlap with
the frequencies which make up the gravitational waves h,, (f) [103]. Let us observe that the latter
condition is what actually is fulfilled for gravitational wave detectors [103].

This shows us as well that it’s not meaningful to talk about gravitational waves of arbitrary am-
plitude, as it would become impossible to distinguish the gravitational waves from the background
[103]. To be precise, actually, there exist exact wave solutions in general relativity [104], but it
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would be too cumbersome to use them to describe gravitational waves emitted by generic bodies
[103]. On the other hand, strictly speaking the gravitational wave solution of the linearized theory
are not solutions of the full theory, as the non linearities in Einstein’s equations will produce back-
scattering and tails due to the interaction of the gravitational waves with the curvature produced
by themselves [104]; moreover it’s not possible to systematize linearized general relativity to higher
orders, as we’d need to allow for a generic non-flat background metric just to accommodate for the
curvature due to the perturbation hy, itself [103].

Having analyzed the limits of validity of our approximations, to find the explicit expression for
the gravitational waves energy tensor, which we denoted by t"”(x), we’ll actually resort to the
field-theoretical approach of treating linearized gravity, so h,.,(x), as a classical field theory over
Minkowski spacetime, where one can apply Noether’s theorem to obtain ¢*¥(z) thanks to the
symmetry of the theory under space-time translations [103].

This procedure still cannot overcome the intrinsic issues outlined above, which manifest themselves
by the fact that the energy-momentum tensor obtained via Noether’s theorem is not well defined
per se, but has as a physically meaningful interpretation only once integrated over a finite spacetime
region, if the field configuration vanish sufficiently fast on the boundaries [103]. In fact we may
add a total four-divergence £ = £ 4 0,K*(h) to the original Lagrangian without modifying the
equations of motion, but this would instead modify the mathematical expression of the Noether
currents, and could affect also the Noether charges if boundary terms could not be neglected [103].

Furthermore in general relativity it’s not even meaningful to try to find an expression of t**(z),
which is a Noether current, such that for example in each spacetime point t°(z) could have the
physical interpretation of the energy density of gravitational waves: this is because at a given
point, resorting to Einstein’s equivalence principle as seen in section 1.3.1, we could always make
the gravitational field vanish with a suitable coordinate transformation. Therefore the local energy
density of gravitational waves is not gauge invariant, hence is not a physical quantity that could
be measured [103].

Thus, in a similar way with respect to the separation of scales outlined above, the solution is to
define the energy-momentum tensor of gravitational waves as a spatial average over several reduced
wavelengths, which is denoted by (...); for plane waves equivalently one could take the temporal
average over several periods [103]. Actually this procedure is required not only in general relativity,
as the energy density of a wave-packet cannot be exactly localized neither classically, due to the
Fourier transform properties, neither quantum-mechanically, due to the uncertainty principle [103].

Thus, the energy momentum tensor of a wave-packet will be given by [103]

0L

tHY = (—
< a(auhoaﬁ)

0" has + 1" L) (1.34)

where the spatial or temporal average (...) in understood to be taken in a region large enough
such that value of h,, on the boundary in negligible; such an expression is conserved as 9,t"" = 0
for the field configurations h,, (x) which satisfies the classical equations of motion.

In such an approach, the Lagrangian which governs the dynamic of the field h,, (x) can be obtained
by expanding the Einstein-Hilbert action (1.1) to quadratic order in h,,(z) = guw(z) — nu. By
evaluating the algebra and integrating some terms by parts one obtains [103]

C4

647G

(0uhy OB — 0, hO*h + 20, W O, h — 20,h* 0,hL) + O(h?) (1.35)

where h = n#*"h,, is the usual trace of h,,. Such a Lagrangian is related to the Pauli-Fierz one by
an appropriate rescaling of h,, [103].
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We are now able to evaluate the explicit expression of the energy-momentum tensor t** associated
to gravitational waves, by specializing formula (1.34) to (1.35). To simplify calculations we choose
the gauge [103]

Ohy =0, h=0, (1.36)

and we perform an integration by parts, possible thanks to the average (...) [103], of a remaining
term &Yha/ga'yh“ﬁ ~ —haﬁﬂhaﬁ , which vanishes on the equation of motion Uh,, = 0 which we
assume to be fulfilled by our field configuration. In this way we obtain the expression of t*¥ we

where looking for [103]:
A

o= —— ("W hog) . (1.37)

From this expression we can evaluate the energy emitted via gravitational waves by a source local-
ized inside a volume V. Recalling that t*¥ is a Noether current, which therefore is conserved as
Out*” = 0 for on-shell h,,, configurations, we define the gravitational wave energy inside the volume
as

Fy = / d3x %, (1.38)
\%4

therefore, assuming all functions to be well behaved and applying Stokes’ theorem, this translates

into iE
=V — —c/d?’xf),-tm = —c/ dAn;t" (1.39)
dt oV

with dA surface element on the boundary dy of the integration volume V', and n’ normal vector to
the surface [103].

To simplify such an expression, we take dV to be a sphere centered on the source, such that
dA = r2dQ and 7 = 7 the radial direction; hence (1.39) becomes

dE . A2
dt = 327‘(’G /dQ aoh;f';.Tﬁ hz;T> — +327rG d0 <8th5T3Thg;T> . (1.40)

Assuming the gravitational waves, at a large distance, to be propagating out radially outward in
the void, we can impose the TT gauge and the metric tensor perturbation takes the form [103]

1
h;-l;-T(t,’l") = ;flj (t — g) . (1.41)

with f;; a function of the retarded time t,¢; =t — 7, as in electromagnetism. From this last fact it
also holds that we exchange the radial partial derivative with the temporal one via the chain rule,
therefore expression (1.40) becomes [103]

dEy 3r? TT - TT 1
= Q - 1.42
a6 = 3G | 92 Ry >+O(r> (142)

- TT
where we have denoted the temporal derivative with the dot, as h;; = ach;T.

Finally, the fact that the energy Ey associated with the gravitational waves inside the volume V
decreases, means that there is a flux of gravitational waves which are propagating outward from that
volume. In particular the energy carried away by gravitational waves per unit time, as measured
at the volume surface, is approximately given by

dE  *r? ST - TT
—_— Q 1.43
dt 327TG d <h h > ( )
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A similar expression can be found for the momentum carried away by gravitational waves [103]:

de 637"2 =TT k1 TT

Furthermore, because the theory is also invariant under spatial rotations, we can define the angular
momentum conserved current and charge. As shown in [103], one finds that gravitational waves
carry angular momentum too, with contributions both from the orbital angular momentum and
from the spin operator: this was to be expected, as gravitons are massless quanta with helicities
+2.

1.3.4 Generation of gravitational waves

In this section we discuss the generation of gravitational waves in the linearized theory: this means
we’ll consider the gravitational field due to the source to be weak enough, such that the spacetime
can still be approximated as flat.

First we’ll present the weak-field expansion, which actually doesn’t impose any requirements on the
velocities into play. Nonetheless later we would like to introduce a low-velocity expansion in powers
of 7 to describe the dynamics of non relativistic systems, in order to simplify the setup. Yet the case
we’re ultimately interested in is of self-gravitating binary systems: that is, of bound systems of two
bodies evolving under the reciprocal gravitational force. In such cases from Newtonian dynamics
it follows [103]

v? _ Gm

- = , (1.45)

c2r
with m total mass of the system and v the reciprocal velocity between the two bodies. Therefore
for such systems the low-velocity expansion in powers of ¢ is not independent with respect to the
expansion of in powers of (G, and so it’s not possible to consistently compute corrections beyond
the lowest order in 7 while working in the flat space of the linearized theory. This point will be

discussed further in section 1.6.

B Weak-field expansion

In this approximation scheme one assumes that the gravitational field produced by the source is
sufficiently weak, such that the background metric can be taken to be flat [103].

To study the generation of gravitational waves in this setting we put ourselves in Lorentz gauge
(1.19), where we recall that that the energy-momentum tensor is conserved in the flat space-time
sense (1.24), and look for solutions of the linearized Einstein’s equations (1.23). Such differential
equations are linear in f_LW and therefore also in 5, therefore we can employ the Green’s function
method to solve them.

The Green’s function G(x) is formally the inverse of the differential operator [J, in the sense that
it is the solution of

0, Gz —y) =W (z—y) . (1.46)
From this follows that

hule) = =50 [ty Gla = p)Tuly) (1.47)

is a solution of (1.23) [103]. The specific expression of G(x —y) depends on the boundary conditions
we wish to impose on the solution, which in turn are related to the physical setting we’re trying to
describe. In particular, because we want to evaluate the radiation produced by a localized source at
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a specific time, we’ll impose the Kirchoff-Sommerfeld no-incoming-radiation boundary conditions,
which single out the so called retarded Green’s function [103]

1 0

0
Glp —1y) = ———— _ . 1.4
(:U y) 47‘("X . y‘ 5(xret Y ) ’ ( 8)
where we have defined the retarded time as
tret(x>y) =t~ ’X;y’ ’ (149)

which in flat space time, once chosen a specific reference frame, can be seen as the time at which
a light-like signal has to be produced in (¢,¢,y) to be seen by an observer in (¢, x).

As usually one is interested in evaluating the produced radiation in a point outside and far away
from the source, that is, in the void, we can simplify the solution (1.47) by putting ourselves in
TT gauge (1.26). If furthermore we're far enough with respect to the characteristic length scale of
the source, we may also approximate the incoming waterfronts as plane waves, and therefore the
components of h,, after such a gauge transformation are easily obtained via projection with the
Lambda tensor (1.32), as explained before in section 1.3.2. Therefore we obtain

4G 1 |x —y|
TT _ I 3 _
() = S hua) [y Lo (- Py (1.50)
where we recall (1.33), and that the direction of propagation of the gravitational plane wave is
n = %, with » = [x], as can be seen from figure 1.3 once we choose the origin of our reference frame

to be localized inside the source. The fact that only the spatial components of T}, are needed
to find the general solution is due to the energy-momentum tensor conservation (1.24), which is
actually a constraint on four components [103].

B Multipole expansion

The multipole expansion lets us express the ra-
diation seen far away from the source as a func-
tion of moments of the mass-energy distribu-
tion of the source, in such a way to significantly
simplify the previous (1.50) expression in the
low-velocity limit.

To do so, it breaks down the generally com-
plicated integral (1.50) into a sum of sim-
pler terms, each of which encode information
about the radial and angular distribution of
the source, with higher order moments describ-
ing finer details. Nonetheless, for gravitational
waves emitted by non relativistic compact bi-
naries, the radiation has a wavelength which
is longer than the size of the binary systems,
therefore its emission doesn’t depend on the

finest details of the source internal structure . .. ! 3. A SCheme of the qu&}n.tltles employed
in the multipole expansion. The origin of the refer-

[103]: hence only the first few moments of the ence frame is denoted with the letter O, the typical
multipole expansion, which describe the coarse- length scale of the source with d, the position of the
grained source distribution, are needed to de- observer with x, the position, inside the source, over
scribe the emission of radiation. This fact lets which we're integrating with y. Figure based on [103].
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us simplify some calculations, but from observational point of view it means that using gravita-
tional waves as a probe we may resolve only few internal details of the system, also because the
gravitational wave signal at present cannot be measured with a signal-to-noise ratio much higher
than a few dozen at most [5]. In the following therefore we’ll retain only the first multipoles needed
to obtain the desired accuracy.

As we'll see shortly, given a localized source with a typical length scale d, that we could take to
be its maximum length, the multipole expansion converges if the source is localized near the origin
O of the reference frame, that is |y| < d; while simultaneously the observer is located far away
from it, e.g. at a distance r = |x| > d. Furthermore, it is customary to assume that the source is
slowly varying, so for example that the compact objects of a binary system are moving at a non
relativistic speed ¢ < 1: in such a way the the typical frequency of the emitted radiation will be
of order w ~ 7, and corresponding wavelength A\ = 275 ~ £d > d, as discussed before. In the
following we’ll assume such conditions to hold, as outlined in figure 1.3.

The first condition restricts the integration in (1.50) only to the region |y| < d, as outside the
integrand vanishes due to T;(y) = 0 in the void; the second condition instead is needed to let us
expand the distance |x — y| in Taylor series:

d2
|xy|:7“\/12ny+yy ﬁ-y+0(r) : (1.51)

with x = rn the position of the observer in this reference frame. Substituting the previous expansion
in the retarded time definition (1.49), for large distance |x| = r > 1 we obtain

_ 2
tret(x,y):t—‘x | :t—r n y+0<d> . (1.52)

& cr

The condition of non relativistic source v < ¢, that is, of a energy-momentum tensor Ty (tyet,y)
slowly varying in time, let us perform an expansion of the Fourier transformed energy-momentum
tensor in (1.50) [103], which is equivalent to Taylor expanding the time argument of Ty (tyet,y)
around s = 0, as:

+001

Tit (tret,y) = Thi (t - % + 273’) = ;;0 o (Z)p (o7 Tkl)(t - E,Y> (1.53)

where we defined s=7r—|x —y|=n-y+ 0O (ii), which is of order s ~ d, and therefore ¥ < 1.

Substituting all of these expressions in (1.50), keeping only terms up to o (%), we finally obtain:

+00
W) = Aaa) [ @y S (5) @ T (- )

r—si p! \¢
= fAij,/cz(ﬁ)/df%yi (Jio (i)m) Jf;' <C> (8”Tkl)<t— g,y> (1.54)
m=0

_glA” (ﬁ)iolnil...nip d3v it - ip(apT)<t_f >—|—O 1
= C4 , i7,kl p!Cp Yy Yy t Lkl C7y T2

p=0

where in the last line we kept only the term with m = 0, as m > 0 would give terms of order
O(r~1=™); we traded s for i -y = n'y’, as the term O ( ) produces in the end terms of order at
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least O (= L), due to the leading 1 factor out of the integral; and we assumed the integrand function to
be well behaved as to allow the integral and the series to be swapped. Finally 1t is understood that
n't - --n'r =TI)_ n', to let us explicitly show the contractions in (- y)? = (n'y’)P = IIi_ n'ay's =

nzl ...nz yzl . ylp.

Starting from the spatial components of the energy-momentum tensor 7T;;, also called the stress
tensor, it is useful to define its momenta S%91% as [103]:

Sidar--an () = /d3y Yt y® T (t,y) (1.55)

where we can notice that they are position independent, depending only on time, and that they’re
symmetric in the (4, j) indices, and symmetric under the exchange of any pair of ¢; ... g, indices.
Therefore, assuming the observer distance r to not depend on time, equation (1.54) becomes:

4G 1 =1 . - r
WET (%) = A (B )2%]), it s (1 Ly )
b=

=461, mw) (S’“’ <t - f,y) L aghta (t - f,y) + L gt (t - f,y> +. )
ctr c c c 2c c

(1.56)

where each dot over the S* tensor denotes a temporal derivative, and from now on we’ll understand
the O (%2) subleading term. From this expression we can notice that each additional ¢ index in
(1.55) bring an additional O(d) factor, while each time derivative acting on S* in Fourier space can
be seen as a ws ~ 7 factor, which is the characteristic time over which the source varies significantly.
Therefore the term of order p in (1.56) is of order O ((%)”) with respect the leading S* term [103].

For actual calculations it is easier to employ the momenta of the energy density T, defined as
[103]:

1
Mo (t) = g /d3y yQI . yQP Too(t, y) (157)

where the factor ¢=2 actually gives M the dimension of a mass. Let us notice that the energy
density in 7% comprises all types of energy: for example the one due to the mass of the source
components, due to their kinetic and potential energy, due to the gravitational binding energy

[103]. In a similar fashion it’s customary to introduce also the momenta of the momentum density
TY%c=1 as [103]

. 1 ,
Phai-dp () = = /dSy Y-y Tt y) (1.58)
c
Starting from the flat space energy-momentum tensor conservation (1.24) valid in the weak-field

linearized theory, assuming the source distribution to be well behaved and localized in space inside
a spatial volume V', and employing Stokes’ theorem, we obtain the relations:

/‘/d?’yy"l'--yq” AT (t,y) Z—/Vd?)yyql--yqf” T (t,y)
= —/Vd?’y@i (y™ -y TH(t,y)) +/‘/d3y8i (y™ - --y%) T(t,y)

:—/WdSiy‘”-"yq”Ti“(t,y)Jr/Vd?’y (531yq2,,,yQP_i_yql(S;Iquii_.'qu_i_..') Ti“(t,y) ’

=0

(1.59)
where we used the fact that T%(y) = 0 on the surface boundary by hypothesis. From these
explicitly we get: .

M=0, (1.60a)
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P'=0, (1.60b)
M =P, MY = piiypii g = piik | piki o phii (1.60c)
Pz,] _ Sij, Pi,jk _ giik i Sik’j, Pi,jkl _ Gkl + Sikili + Sil,jk’ o (1.60d)

The physical meaning of (1.60a) and (1.60b) is respectively that of total mass and total momentum
conservation of the system. This actually holds only in the weak-field linearized theory, as such
identities are valid only as long as we’re neglecting the back-action of gravitational waves on the
source [103], which are present in the non-linear full theory and we’d need to take into account at
higher order. Similarly PP = 0 gives the conservation of the total angular momentum of
the source [103].

Finally we can employ relations (1.60c) and (1.60d) between the moments of the energy M, mo-
mentum P and stress S tensors to express the solution (1.56) as a function of the mass M and
momentum P moments only [103]:

4G1 1 . ki r
Tr i - 0
BT (%) =~ A0 >{2M (t-Z)

T R R [
56
,02

(1.56),
gravitationally bound point masses it allows to neglect, at order O (—2) the contributions of the

(1.61)

This last expression can be evaluated more easily with respect to and actually for a set of

gravitational potential and relativistic corrections [103].

From the expression (1.61) we can see that to produce gravitational waves in the weak-field lin-
earized theory we need non vanishing second order or higher time derivatives of the moments of
the energy M or momentum P density; also no monopole nor dipole moments of M or P enter in
the solution: we can conclude that in the linearized theory there is neither monopole nor dipole
radiation for gravitational waves.

These properties show some features which are actually valid beyond the approximations we em-
ployed. For example, due to Birkhoff’s theorem, if the geometry of a given region of spacetime is
spherically symmetric and satisfies the full Einstein’s equation (1.4) in vacuum, then the geometry
must be a piece of the Schwarzschild metric [101, 104]. It follows that a source distribution that
changes over time, but does so preserving its spherical symmetry, will not emit any gravitational
waves; in particular this result is exact in the full theory, and so for example an exactly spheri-
cally symmetric star that pulses radially cannot emit any gravitational signal into the surrounding
void spacetime [101]. Besides, even in a more general setting, no source distribution can produce
monopole or dipole radiation, even in the full theory: this follows from analysis of the non linear
theory, but can be understood equivalently by the fact that gravitons are massless particles with
helicities £2, hence they cannot be put in states with total angular momentum j < 2; therefore we
cannot have monopole nor dipole radiation, since they are respectively a collection of quanta with
j=0and j=1[103].

B Mass quadrupole radiation
The leading term in (1.61) gives the so called mass quadrupole radiation, as
Kkl vkl r
hijt (6:%) = g~ Ay () M (t - E,y) ; (1.62)
with the mass quadrupole term given by (1.57), so explicitly

1
MM (t) = 62/d3yyky’T0°(t7y) : (1.63)
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To lowest order in 7 we may neglect kinetic,
potential and alike contributions to the energy-
momentum tensor: in such a case we can equate
TP =~ pc?, where p is the mass density [103].

To simplify further expression (1.63) one may
notice that the symmetric tensor M*, under
the group of spatial rotations, decomposes into
irreducible representations as [103]:

ik (Mkl _ ;5’“M“> +é5klMii (1.64)

/

=Qk!

where M" is the trace of M¥ which is a
scalar under rotations, whereas Q* is called the
quadrupole moment, which is a traceless pure

X

FIGURE 1.4 A scheme of the coordinate systems
employed for the evaluation of mass quadrupole radi-
ation. Notice that the @ vector lies in the zy plane,
which has been outlined, while the v vector points
downwards. Also, to be consistent with [103], we de-

fined the angle ¢ as starting from the y axis and not
the x. To obtain the opposite, customary definition,

one should substitute ¢ — % — ¢. Figure based on
[103].

spin-2 operator [103]. Therefore in equation
. -kl .

(1.62) we may substitute the M tensor with

=kl : .

Q) , as after the contraction with the A;; ; ten-

sor only the traceless contribution will be non
vanishing.

2

To explicitly evaluate equation (1.62), let us fix a coordinate frame (z,y, z) and consider a gravi-
tational waves propagating in a generic direction n, with components

n' = (sin(#) sin(¢), sin(6) cos(¢), cos(8)) . (1.65)
One could then directly compute the A;; 1 tensor, but it’s actually easier to go to a reference frame
where the gravitational wave is propagating along a definite axis, to evaluate the quantities and
to transform back the tensors via the appropriate rotation matrix, as shown in reference [103]. In
particular, introducing such an auxiliary frame with coordinate axis parallel to the orthonormal
basis (11, v, ), as shown in figure 1.4, while evaluating the M* tensor in our initial (z,v, z) frame,
the amplitudes hy and hy of the gravitational wave propagating in direction n read [103]

hy(t,0,¢)= %?4 [MH (COSQ(¢) — sin?(¢) cosQ(G)) + Moy (sin2(¢) — cos?(¢) 0082(9))

— M33sin®(f) — Mo sin(2¢) (1+ 0052(0)) (1.66a)
V13 sin(6) sin(26) + Vo cos(¢) sin(2e)} -
hy (.0, 6) = %g [(MH - MQQ) (sin(26) cos(0)) + 2011 cos(26) cos(0) (1.66b)

)

20113 cos(¢) sin(8) + 28723 sin(4) sin(@)}

tret

where the right-hand side is computed at retarded time #,; =t — %, and where we recall that such
amplitudes are defined with respect to the plane transverse to the propagation of the gravitational
waves. In particular, aside from being a superposition of plane waves, they take a form analogous
to (1.28) in the frame with axes parallel to (u,v,n) [103].

By recalling equation (1.43) it’s also possible to evaluate the power emitted by the source via
gravitational waves. In particular, as shown in reference [103], the only angular dependence is due
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to Aj;ri(0), and it holds

R 2
Aij el Mt omn = Nijomn /dQ Ajj (D) = ﬁ(lléz‘kf;jl — 405011 + 0udjk) ; (1.67)

therefore the total power radiated, also known as total gravitational luminosity of the source, in
the quadrupole radiation approximation, is given by [103]

Pquad = $<Q ]Q J>

where the right hand side is evaluated at retarded time ¢,¢; =t — % as usual.

: (1.68)

tret

We can see that, even thought the linearized theory predicts the total energy and the total momen-
tum of the source to be conserved, due to (1.60a) and (1.60b), this cannot be true, as the emission
of gravitational waves will produce a radiation reaction force on the source itself, as explained in
[103], and in particular the energy of the source will decrease per unit time as given by (1.68). Still
the previous statement presents a couple of subtleties which makes it valid only for low velocities
2 < 1 inside the source: equation (1.68) refers only to the quadrupole radiation, which is dominant
only in the low-velocity limit; and more importantly, as will be outlined in section 1.6, due to the
non linearities of general relativity, at higher orders in perturbation theory it won’t be possible
anymore to equate the energy carried away by gravitational waves, as measured at infinity at time
t, with the energy lost by the source at time ;..

1.4 | Compact binaries evolution and radiation in linearized theory

In this section, based mostly on [103], we’ll apply the concepts developed so far to study the
amplitude of gravitational waves emitted by binary systems; finally we discuss also the effects that
such an emission has on the evolution of the binary itself.

1.4.1 Gravitational radiation from non-relativistic point particles
The energy-momentum tensor of a system of n free point particles, labelled by the index A =
1,...,n, moving in flat spacetime along trajectories z#4() is given by [103]
— PP )
T = 285 (x —x4(1)) , 1.69
3 e ) (1.69)

i
dz'y

1
s\ 1
where m 4 is the mass of particle A, y4 = (1 — %‘3) ? its Lorentz factor, and pff1 = yAma—gf =

(%, p) its four momentum.

Notice that the requirements of free particles moving along flat space geodesics, that is, pj =
0, is mandatory for the tensor (1.69) to be exactly conserved. Nonetheless we may use the
energy-momentum tensor (1.69) to evaluate the gravitational waves at leading order, in the mass
quadrupole radiation approximation (1.66), along generic trajectories x(t) for non relativistic
point particles, as for a self-gravitating system the gravitational potential energy which should be

considered in T}, is of higher order, because —% ~ O (9)2, due to the virial theorem [103].
AB c

B Non-relativistic self-gravitating binary point particle system

For definiteness we’ll consider, from now on, the case of a system of two particles, A = 1,2. In the
non-relativistic limit v4 < ¢ equation (1.69) reads

da’) da v?
T = E —= ) (x — + — ] . 1.
. mA PR 0" (x —x4(t)+ O 2 (1.70)
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We can notice that the hierarchy 7% = O(x°), T% = O (%) and T = O (Z—;) holds; therefore,
as already pointed out in the multipole expansion section 1.3.4, if we trade the stress momenta
S for the mass M and momentum P ones, we can work at leading order (and actually also next-
to-leading order [103]) without considering interaction terms. Furthermore it holds 9,7% = 0 at
lowest order even along trajectories which do not satisfy the equation of motions [103], which at
this order would read j)ff‘ = 0, and therefore the derivation done in the multipole expansion section
still goes through, at lowest order, even along generic trajectories.

Working in the non-relativistic case, specifically up to O (Z—z) order, we can use the classical

definition of center-of-mass frame [103]. Therefore we define the relative coordinate as xg = x; —xa,

the center-of-mass coordinate as

mi1X1 + moXa

= &“ 1.71
XoM — , (1.71)

with m = my + my the total mass, and p = % the reduced mass. For an isolated system x¢ )y is
not accelerated, therefore such a term won’t produce gravitational waves, and hence we can choose
the frame where xops = 0. Such a choice lets us single out, as usual in classical mechanics, only
a single degree of freedom, therefore in the center-of-mass frame we can work with just a single
effective particle of mass p and coordinates x(¢) [103].

We can now easily evaluate equation (1.63), with p(t,x) = ud® (x — x¢(t)), which results in a
second mass moment and its second time derivative

M) = pah@ah(t) . 570 = p (8O0 + 2 Oa(0) +HORG) . (1.72)

where we assumed j1 = 0. Substituting these results in equations (1.66) we can finally evaluate the
gravitational waves produced by such a system in the mass quadrupole radiation approximation.
Furthermore, recalling definition (1.64) and defining 73(¢) = x3(t) = 6ijx6(t)xg(t), the quadrupole
moment reads

@)= (sblerede) - 307730 (1.73)

from which we may obtain the power emitted in the quadrupole radiation approximation employing
expression (1.68).

1.4.2 Quadrupole radiation from a circular binary system

To specify the formulae shown in the previous section to a prototypical scenario of physical interest,
even if an idealized one, we will consider a binary system composed of two massive bodies, orbiting
each other at non-relativistic speeds, along circular orbits.

Adopting definitions from section 1.4.1, and constructing the center-of-mass frame as described
therein, we rotate such a frame so that the orbit lies in the zy plane. Denoting with R the distance
between the two bodies, which we still treat as point particles, the relative separation x¢(t) reads

xo(t) = x{(t) = Rcos (wst + g) ,
yo(t) = 2(t) = Rsin (wst + g) : (1.74)
zo(t) = x%(t) =0;

where we translated the origin of time to be consistent with [103], and we defined the orbital angular
frequency as ws = 2m fs, with fs the orbital frequency.
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Specializing formula (1.72) to this case we obtain that the only non vanishing second time derivatives
of the second mass moment are:

=i = 2uR?w? cos (2wst) (1.75a)

8 = 517 = 24 R%w? sin (2wyt) . (1.75b)

We may now substitute such expressions into formulae (1.66), using the same coordinate frame
shown in figure 1.4. In particular we may consider a distant observer who is in position r = rn
with respect to the source, and who therefore observes plane waves propagating along direction n.
In the quadrupole radiation approximation, the amplitudes of the gravitational waves observed at
time ¢, which were therefore produced by the binary system at retarded time ¢, read:

hyi(t,0,¢) = %g [MH cos(2¢) (1 + cos®(0)) — M1asin(2¢) (1 + 0082(0))] .
4G 1 + cos?(0
— ;CZMRQ 3 (2()) COS(QUJStret + 2¢) , (1.76a)
hy(t,0,¢) = %% [QMH sin(2¢) cos(0) + 2M 13 cos(2¢) cos(@)} .
= S uR%? cos(6) sin(2ustye +26) (1.76b)

We can see that for such a system, the frequency of gravitational waves, in the quadrupole radiation
approximation, is twice the orbital frequency ws; actually in such an approximation we may define
the gravitational wave frequency w as w = 2ws. This also means that such an harmonic will
dominate the spectrum of gravitational radiation of most binary system; at least until the orbital
velocity remains low and the orbital eccentricity negligible; in fact in real, non idealized cases,
gravitational waves of different harmonics are also produced [103].

Moreover, as pointed out in reference [103], in the application of formulae (1.76), the angle 0 is
equivalently denoted as ¢, which is the angle between the normal to the orbit and the line of sight
of the distant observer. Furthermore, as can be seen from the first equality in each equation of
(1.76), the angular dependence hy ~ (1 + cos?(¢)) and hy ~ cos(t) is due to the general structure
expression (1.66), hence it’s present for all systems with M i3 = 0 and M 99 = -M 11. Also, care
should be taken if the observation time is long (of the order of months), as the distance from
the observer to the source r may vary due to the Earth motion with respect to the Solar System
Baricenter; and also if the source undergoes proper motion, as that could make the angle ¢ vary.
Otherwise we may take r and ¢ to be constant; in such cases the angle ¢ cannot be observed and
therefore is usually dropped by a redefinition of the origin of time.

Similarly from equation (1.73), noticing that r3(t) = R?, we have

oM =-0%= —4pR*W3 sin (2wst) (1.77a)

0% =0" = 4pR?w3 cos (2wst) ; (1.77b)

therefore, recalling formula (1.68), the power emitted via gravitational waves by the binary system,
in the quadrupole radiation limit, is given by:

G 2
Pcirc,quad = 10i5 R4w6

: (1.78)

tret

where we the right hand side is to be evaluated at retarded time ¢,¢;.
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1.4.3 Evolution of self-gravitating binary systems

We can now discuss how the back-reaction due to the emission of gravitational waves modifies the
dynamics of a binary system. In particular, this discussion is valid only at leading order, in the
linearized theory, but the key concepts we’ll find are actually there in the full theory.

B Quasi-circular orbit approximation

As we found previously in equation (1.78), the non relativistic binary system will lose energy (and
angular momentum too, as pointed out in section 1.3.3) via emission of gravitational waves. Such
energy must necessarily come from within the isolated binary system itself; furthermore, because
we’re assuming it to be composed of point particles, there are no additional internal degrees of
freedom which could release energy. Remarkably, also in a realistic system the internal structure
of astrophysical bodies has normal frequencies much higher than the orbital one, at least in the
non relativistic regime: hence such internal degrees of freedom effectively do not contribute to the
power balance [103].

Taking into account these considerations, we have that we can estimate the total energy of the
system, at leading order, by

1 1 mims 1 wm
Eiot = =myv? + =mgvs — G = g — G/, 1.79
tot = 5 11+2 2V - 2/“)0 o ( )
where vo = v; — va. By the virial theorem it follows, as an average over time, that v3 = Gm. this

7o
relation is actually exact in the case of circular orbits. Assuming a circular orbit, and accordingly

adopting the same notation R = rg used previously, we take the time derivative of the total energy
of the system, obtaining:

Etot,circ = §GﬁR ) (180)
where we assumed 1, = e = 0. Hence we see that, to satisfy the leading order energy balance
Eiot,cire = —FPeire,quad < 0, we must allow the relative distance between the two bodies to decrease

R <O.

We should now perform calculations akin to the ones presented previously for a system in a decaying
orbit. Nonetheless, to simplify the matter, we can recognize that if in the derivation of section 1.4.2
we let the relative distance R between the two bodies vary as a function of time, aside from the
R — R(t) substitution, the key differences arise is in formulae (1.75) and (1.77), where the time
derivative now acts also on R(t), therefore giving R(t) and R(t) terms. Actually if the system is
self-gravitating, in our limit where Newtonian dynamics can be applied, a time dependent R(t) will
induce a time dependent orbital angular frequency ws — ws(t), as can be seen by Kepler’s third
law w? = %—’?. Therefore we should also perform the wst — ¢5(t) substitution in (1.75a), with ¢s(t)
the orbital phase, and hence we’d expect expects also ws and W terms to appear in the subsequent

derivation.

Nevertheless, if the variation of the orbital radius is much slower than the other velocity into play,
which is the relative orbital velocity vy = wsR, these new terms are subleading and may therefore
be neglected as a first approximation. This is the so called quasi-circular motion approximation:
the formulae (1.76) and (1.78) can be applied as a first approximation, even thought the relative
distance R is not constant anymore, as long as it varies slowly, in the sense that R < wsR = v and
R« wsv must hold.

B Inspiral of a binary system in the linearized theory

From the analysis just presented, we may employ the quasi-circular orbit approximation to evaluate
how a binary system, with bodies moving along circular orbits, evolves over time.
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First, as we’re working in a non-relativistic regime, we have to demand the initial relative distance
R to be large enough, so that v = wsR = \/Gfm < ¢ can be satisfied. We may the proceed to

evaluate the orbital decay rate R by resorting to the energy balance, therefore by equaling formula
(1.80) to the opposite of formula (1.78), obtaining:

64 G3 pm?

R
5¢5 RS

(1.81)

Nonetheless, because we can measure only the time-varying amplitude and frequency of a gravi-
tational signal, it’s better to express all quantities as a function of the gravitational wave angular
frequency w = 2ws, or of its frequency fg, = 5= = “=. In such a way equation (1.81) becomes

.96 s 5o
where we defined the chirp mass as [103]
3 2 (mima)s
M, = psms = am2pe (1.83)
(m1 + 7’I”L2)g

Such quantity has the dimension of a mass and it is usually present in most formula regarding
the emission of gravitational waves from binary systems: this is due to the fact that, at least at
leading order, the total mass m and the reduced mass p enter in the observables a distant observer
may measure only through the combination (1.83). Therefore such a degenerancy prevents us from
estimating the former parameters separately; hence it’s better to work only with M, as it can be
measured more precisely.

The solution to these differential equations can be found by employing the method of the separation
of variables; e.g. equation (1.81) can be integrated to obtain

1

256 G2 pum? 1

R(t) = Rin (1 B —m)) | (1.84)

It’s actually useful to change the time variable, analogously to reference [103], adopting the time

to coalescence:
T =teoal — 1t ; (1.85)

where t.,q; 18 the moment of coalescence. In our leading order approximation we may estimate the
latter as the instant when the relative separation becomes zero, that is R(t = teeq) = 0; its value
is then given by
5¢RE

256 G3 um?
Let us also remember that in general the formulae concerning the source as seen by the distant
observer must be evaluated at retarded time t¢,.;; however, using this time variable we can also
overlook the usage of the retarded time, as it holds 7 = tcoas —t = teoat — & —t + £ = teoatret — tret-

teoal = tin + (186)

Expressing the radial separation as a function of the time of coalescence we obtain

1 1
256 G ,\1 1 pm?\ 1 7T\
1
it also holds R(7) = R(mn) (7 In equation (1.87), as we’ll do again in the following, we

explicitly computed the numerical value of such an expression normalizing the parameters to some
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typical values, to get a sense of the quantities we’re working with. Still let us notice, as pointed
out in section 1.2.2, that the compact bodies of astrophysical origin we’re most interested in, such
as black holes or neutron stars, have masses of at least M Z 1.2 My: actually for most black holes
detected so far we have M ~ 10 ~ 100 Mg, and for supermassive black holes the mass could get as
high as M ~ O(10° My,).

Even more useful is the expression for the gravitational wave frequency as a function of time
to coalesce fg,(7), in the non-relativistic quadrupole radiation approximation, which, integrating
(1.82) or equivalently employing Kepler’s third law in (1.87), reads:

5 -3 5 3
256 G'3 5\ ° M-~\& /1s\3
fouw(T) = ( E - ngCS) 7% ~ 151 Hz <M@> (f) : (1.88)
C

Finally we can also evaluate the amplitude of the gravitational waves as seen by an observer at a
distance r. To do so we can employ equations (1.76), with the substitution 2wt = wg,t — P(t),
where ®(t) is the phase of the emitted gravitational waves, or twice the orbital phase, and is given
by integrating the time-dependent frequency as [103]:

O(t) = P(tin) + /t dt’ Wy (1) . (1.89)

tin
In our case we can directly integrate (1.88) to obtain

B(r) = By — %%fgw(ﬂT , (1.90)

with @ an integration constant, equal to the phase of the gravitational wave signal at the time of
coalescence.

Performing this substitution in equations (1.76), in the non relativistic quadrupole radiation ap-
proximation, for the amplitudes of the gravitational waves we obtain:

AT3 G35 2 1+ cos?()
hilt) = == M fyultrer) |~ ) cos(®(trer)) . (1.91a)
2 5
43 G3 5 2 .
hy(t) = 7; T M fu(trer) cos(e) sin(®(trer) (1.91b)

where we dropped the 2¢ term with respect to the generic formula, as it amounts to a shift of
the origin of time, or equivalently to a shift of ®(¢;,); and where ¢ is the angle between the
normal to the orbital plane and the observer direction, and is equal to what was denoted as 6 in
figure 1.4. A numerical estimate of the expected amplitude for gravitational waves, e.g. such that
hy (t) = A(t) cos(t) cos(P(tret)), for a prototypical astrophysical source is given by:

2 5 5 1

A3 G35 2 B 100 Mpe\ [ M.\ 7 [1s\14
A(t) = oM 3, =34-1072 | ———— ) [ == =) . 1.92
0= " G0 (=) (5r) (5) (1.92)

From such an estimate we can notice that the more massive a systems is, the more likely it is to
be detected, because the amplitude of the signal it produces is higher. Nonetheless as we’ll see
in section 1.5, interferometric detectors are most sensitive only in a certain range of frequency,
therefore the systems we may detect are limited by both constraints, as a too heavy binary will
emit frequencies lower than the ones to which present day interferometers are sensitive.

Fortunately, thanks to the matched filtering technique used in the data analysis of the time series
recorded by gravitational wave interferometers, as long as we know the shape, or template, of the
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signal we’re looking for, it’s not strictly necessary for the signal to have an amplitude higher than
the noise at any given moment for it to be detected: it suffices that the integrated signal-to-noise
ratio, or some similar statistic, is high enough; therefore also the number of cycles spent in the
detector bandwidth plays an important role.

From the previous analysis we can then estimate the number of cycles of the waveform in the time
interval [ti,,tin] as

1 tfin fgw,maz
Ncyc:%(q)(tfm)—cp(tm)):/t dt’fgw(t’):/ "y 1 (1.93)

We can evaluate the last integral recalling (1.82), to obtain

-3 3 % 5 5 5 3 s
T 3 [cC -2 -2 -2 4 1 M@ 3 10Hz \3
Ncyc = 32 <G> MC ’ < gwg,min - fgw%ma:p) ~22-10 < Mc ) <fgw,min ) (194)

where we assumed fgu.min < fgw,maz, as this is usually the case [103].

For example in the analysis of the signal from the first observed binary neutron star system,
up to 4200 waveform cycles were used, thereby greatly increasing the accuracy of the estimated
parameters [146]. For next generations detectors, such as LISA, it’s actually expected that in
particular cases, e.g. for an extreme mass ratio inspiral (EMRI), as could be the inspiral of a black
hole of mass ms = O(10 M) into a supermassive black hole of mass m; = O(10° M), up to
Neye = O(10* ~ 10%) of waveforms cycles could lie in the detector’s sensitive frequency range [147].

To exemplify what we’ve seen so far, in figure 1.5 we plotted the most relevant quantities derived
in this section for a prototypical system which may be detected by present date gravitational wave
observatories. From the plots we can explicitly see that initially the radius decreases slowly, as
the power lost via gravitational waves is relatively small; as times goes on the system inspirals
ever so fast, as the rate of orbital decay increases, until we approach the plunge phase: now
the orbital separation is really small and decreases very rapidly due to strong gravitational wave
emission. Simultaneously the frequency of the gravitational waves progressively increases, as does
the amplitude, resulting in the so called chirp signal. Still, as we’ll see in section 1.4.4, the accuracy
of our approximations degrades as we get closer to the merger: in the last seconds we may trust
the plots in figure 1.5 only to understand the trend of the evolution of the binary system, as the
evaluation of those quantities would by then require different approximation schemes, as will be
outlined in section 1.6.

B Corrections due to cosmological redshift and orbital eccentricity

The analysis we have presented so far assumed a static flat spacetime, in addition to the fact that the
source frame and the observer frame where not moving relative to each other. Such assumptions
apply only if the source is close enough and its center of mass is moving relatively slowly with
respect to the observer, so that the cosmological and the doppler redshifts can be neglected: hence
the time as measured in both the source and the observer frame is equivalent; and so is also the
time to coalescence as measured in the source frame, Tgource, With respect to the one measured
by the observer, 7. Quite the opposite, most of the binary systems which have been currently
detected are quite far away, at cosmological redshift of z = O(0.1 ~ 1) [5], which therefore cannot
be neglected if we aim for accurate estimates.

Nonetheless, if we assume a spatially flat Friedmann-Robertson-Walker universe, the formulae
reported in this section still hold once we perform the following replacements: 7 — Typs, as we
work with the observer time; r — dr(z), where dj, is the luminosity distance of the source; and
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FIGURE 1.5 Plots of several quantities regarding the evolution of a prototypical binary system and the

gravitational waves it emits during the last stage of the inspiral phase. They were evaluated using the
formulae presented in this section, in the context of the quadrupole approximation in the linearized theory,
for quasi-circular orbits.

In the top panel we show the relative separation between the two bodies R(7), in the middle panel the
frequency of the emitted gravitational waves fg,,(7), while in the bottom panel we show the amplitude
hy(7) of the gravitational wave signal as it would have been measured by the distant observer; all of these as
a function of the time to coalescence 7. In particular for the top we consider the last 900 s before coalescence;
whereas in the middle panel and in the bottom panel we zoom into two short time intervals: on the left we
consider 7 € [100,98.5] s, while on the right we consider T € [2,0] s, just before coalescence.

For the binary system we assumed as parameters m; = 35Mg, my = 30Mg, r = 400 Mpc, &y = 0 rad
and ¢ = 0 rad; therefore we assume to be observing the system along the normal to the orbital plane. The
parameters where thus chosen so as to allow a comparison with a system similar to the one discovered with
the first gravitational wave signal detection [1, 2], for example shown also in figure 1.1.

To be precise at such a distance the cosmological redshift is z ~ 0.1, therefore we would have needed to
apply the corrections which will be discussed in the following; nonetheless for clarity of exposition we simply
plotted the non-redshifted formulae with the aforementioned parameters.

Let us notice that the closer we are to coalescence, the less accurate our approximations and therefore our
estimates will be: in particular we cut off the frequency and amplitude plot in the right panels at 7 = 3 ms,
as otherwise they would have diverged. Physically this is not the case, hence this signal the breakdown of
our formulae: this actually happens even before, for example when the system reaches the Innermost Stable
Circular Orbit (ISCO), as discussed in section 1.4.4. For reference we plotted the moment when such point
is reached: in the top panel the horizontal red line shows the value of R;sco = 576 km, while in the middle
and bottom panels the vertical red lines indicate the time 77500 = 33 ms.

Still, although our formulae aren’t so accurate, the plot can be useful to understand the trend of the
evolution of the binary system: in particular we can see that, due to the ever increasing power lost via
gravitational waves, the relative distance decays increasingly fast, while the frequency and the amplitude of
the gravitational waves become increasingly higher and louder, in what’s called a chirp signal. This is the
behaviour to be expected for the inspiral phase of the system, while for the evolution in its last moments
we may refer to figure 1.1, which reports results from an accurate numerical relativity simulation. Finally it
will be interesting to compare these plots with figure 6.1, which shows the effect of the 2PN corrections on
this systems.
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M., - M. = (1 + z)M,, with M, the redshifted chirp mass. In fact from the detection of a
gravitational wave signal one can extract the redshifted masses, hence with chirp mass one refers
to M; also the masses of each compact object m1, ma, the total mass m and the reduced mass p
have to be redshifthed, i.e. multiplied the a (1 + z) factor. Still, once one assumes a cosmological
model, it’s possible to evaluate the quantities as they would have been measured in a frame near
the source; for example the masses so corrected are denoted as source masses [5].

We may also expect most binary system to start in an eccentric orbit, and therefore we would
like to gather to what extent the analysis of the quasi-circular motion carries over: it’s in fact
possible to derive quantitative results, as shown in [103], by following a procedure analogous to the
circular orbits case. Doing so we would find that an eccentric orbit increases the power emitted via
gravitational waves, as near the periastron the accelerations that come into play are now larger, and
that the frequency sprectrum of the emitted gravitational radiation now comprises all harmonics
of the orbital frequency.

Still the most interesting fact is that, because gravitational waves carry away energy and angular
momentum, as we’ve seen in section 1.3.3, the eccentricity of the orbit decreases substantially over
time. Hence the effect of gravitational waves is to circularize the orbit, up to the point that,
if not other mechanism counteract such an effect, the eccentricity of the orbit at the end of the
inspiral phase will be almost vanishing to an high accuracy [103]: therefore in the last inspiral
stage, where the amplitude is higher and so is our chance to detect such systems, the circular orbit
approximation may be well satisfied by many astrophysical systems. At last, given two systems
which initially have the same orbital periods, one in a circular and one in an elliptic orbit, the time
to coalescence for the elliptic system is lower compared to the former one.

1.4.4 Regime of validity of the approximations employed

We’d like finally to discuss the extent to which we may trust the formulae presented up until now,
in the last sections, to make explicit the need of higher order corrections or different approximations
schemes altogether, which will be outlined in section 1.6.

To summarize, the assumptions we made are the ones of be working in a weak-field and low-velocity
regime, with quasi-circular orbits; hence to hope for our estimates to be accurate we must check
when we satisfy such conditions.

The weak-field and low velocity assumptions require, for a self-gravitating system, ¢ = w;

1

0.025 ({4445 )" < 1, which therefore reads fy, < 65KkHz (%), or 7> 0.1ps (%2 ). This

ol

m

can be cast equivalently into 7 = i\/% < 1,0 R> %, where R is the Schwarzschild radius

V2
associated to the total mass m of the system as in equation (1.5); hence we can see that the farther

apart are the bodies, the more accurate our estimates will be, as we were expecting.

The quasi-circular motion approximation holds instead as long as R < Ruws, or equivalently ws <
w?, which numerically reads 7 > 0.01 ms ( Mé) or fgw < 10kHz <JJ\\/[T?> These conditions are hence
satisfied until the last stages of the binary evolution for most astrophysical system of interest, and
formally the breakdown happens when R ~ O(Rj;), as found before. Nonetheless we must point
out that, especially for events that will stay in the detector bandwidth for many cycles, the really
high accuracy needed for the waveforms requires higher order corrections even well before the end
of the inspiral phase.

We can further study the regime of validity of our expansion by comparing the results we found with
similar ones obtained in the full theory, in which we can exactly probe also the strong field regime.
For example, consider the Schwarzschild solution for non rotating and non charged spherically
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symmetric compact objects: it exhibits a value of the radial coordinate r below which no massive
test body can continue to orbit the bigger compact object. Such last possible orbit is called
Innermost Stable Circular Orbit, or ISCO, and the value for the radial coordinate is given by

6G
Risco = —5— ~886km <J\7;®> . (1.95)

with m the total mass of the binary; it is three times the associated Schwarzschild radius, Rrsco =
3Rs. Actually expression (1.95) is exact only in the test mass limit, e.g. mgo — 0 [103], and
for bodies with vanishing spin, otherwise corrections are due. Let us also notice that the radial
coordinate r of the Schwarzschild metric does not correspond per se to the the radial coordinate
we adopted in the linearized theory; nonetheless if we equate their numerical values and compute
observables, the results we may obtain are of the same order of magnitude of the results one can
obtain evaluating the same observables in the exact Schwarzschild metric [103].

By employing Kepler’s third law we obtain that, when the system relative distance is R = Rrsco,
the frequency of the emitted gravitational waves is

381 M
62l o yavmn (Q) : (1.96)
m
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while correspondingly the time left to coalescence, in our approximation, reads

405 G m? (mm)

TISCO = —— 55—~ 0.125ms

1.
16 ¢ pu (1.97)
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for reference we also reported such quantities in figure 1.5, for the system under consideration
therein.

Therefore after this limit we can consider our approximations to no longer be accurate, as for
sure no circular orbit can be sustained any longer, contrary to what Newtonian dynamics would
predict. In fact when the compact objects are so close to each other the flat space approximation
cannot hold anymore, as the respective gravitational field is too strong, and general relativistic
effect become dominant, marking the transition to the plunge phase. Moreover in section 1.6 we’ll
see that the physics which characterize the following phases is so drastically different from the one
we described so far that it’s necessary to adopt different approximation schemes altogether.

1.5 | Gravitational waves detectors

As outlined in section 1.2.1, historically there have been several attempts to create instruments
capable of detecting gravitational waves: nonetheless their amplitude is so faint that only inter-
ferometric detectors, which offer an exquisite sensitivity over a quite large frequency band (about
two-three frequency decades), are capable of detecting them. Actually there are exceptions to the
above statement: the pulsar timing arrays work in a similar way to the interferometers, looking for
the perturbation which gravitational waves add on the arrival time of signal emitted with a known,
constant frequency, in this case by millisecond pulsars (neutron stars rotating with an incredible
steadiness) [134]; and also by observing CMB data we may be able to directly infer the energy
density and power spectrum of primordial tensor perturbations (for example gravitational waves
created during inflation) [129].

Focusing on the interferometer detectors, their working principle is that a gravitational wave passing
in the instrument will modify the relative phase between two laser beams, which had been traveling
along the two perpendicular arms [103, 113]. Therefore, when the two laser beam recombine at
the beam splitter, the relative phase acquired will create an interference pattern, modulating the
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power which is seen at the antisymmetric port of the interferometer, which otherwise is adjusted to
be (almost) dark [103]. By analyzing this output therefore it’s possible to reconstruct the temporal
evolution of the amplitude and the phase of gravitational wave signals with frequency from a few
tens to few hundreds of Hz (in ground based interferometers). We can notice that the bandwidth
of interferometers is quite large, and that they can be built to be sensitive to frequencies relevant
in the inspiral and merger of astrophysical compact object binaries.

B Noise sources

The limits to the sensitivity of these detectors are due to several noise sources [103]: at low frequency
the limiting factors are the radiation pressure noise, due to the fluctuating radiation pressure
exerted by the photons of the laser beam (as their number fluctuactes according to the Poisson
distribution); several sources of thermal noise, which induce vibrations in key components of the
detector; the seismic noise, due to the motion of the Earth’s ground, which can be attenuated by
a suitable suspension system; the Newtonian noise, which is due to the time-varying gravitational
force exerted on the instrument by moving masses which are surrounding the detectors (as could be
also the atmospheric turbulence) and physically cannot be screened, as it couples to the detector
just like a gravitational wave would. At high frequency instead the limiting factor is the laser
shot noise: to measure the signal at high frequency we need to count the number of photons
impinging on the photodetector in a short time frame; then also in this case we’re limited by the
Poissonian error due to the finite number of photons. Let us notice that if we were to increase the
power of the circulating laser to attenuate the shot noise, we would increase the radiation pressure
noise (and actually also the mirror thermal noise): then both noise sources are collectively denoted
as quantum noise, and this trade-off imply the standard quantum limit on the sensitivity of the
instrument (which however may be circumvented using frequency dependent quantum squeezing).

Mathematically the total amount of noise in a gravitational wave detector is quantified, in frequency
space, by the noise power spectral density S,(f), or by its square root, the amplitude spectral
density /Sn(f) [103, 148]. In particular, if n(¢) is the irreducible noise recorded as output of the
detector, assuming it to be stationary, we define the single sided noise power spectral density as

(" (f)a(f)) = 56(f = £)Sn(f) 5 (1.98)

N |

where n(f) is the Fourier transform of n(t), and (-) denotes the ensemble average. Then lower
is the value of this quantity at a given frequency f, the more sensitive the instrument will be to
signals of that frequency.

To suitably deal with the aforementioned noise sources, in order to actually reach the exquisite
sensitivity required for detecting gravitational waves, present-day detectors use a much more com-
plex design than what we’ve previously sketched, and which is called the Dual-recycled Fabry-Perot
Michelson interferometer [103, 149]. In particular Fabry-Perot arm cavities are employed to increase
the laser power circulating in the arms, while other cavities and laser mode filters are employed
to enhance the signal even more, which is actually encoded in sidebands of the carrier laser signal
[103]. Most recently frequency-dependent quantum squeezing is being implemented in the advanced
stage [149, 150] of current (second generation) interferometers to reduce shot noise and quantum
radiation pressure [151]. Newtonian noise mitigation is in the study as well for third generation
detectors, such as Einstein Telescope in Europe [152]: to reduce this source of noise, some next
generation detectors will probably be built underground. Detectors of gravitational waves at even
lower frequencies, below the Hz, are planned, but due to seismic noise they’re feasible only in
space: this is the concept of the Laser Interferometer Space Antenna (LISA) [91]. Such a mission
has also the potential to study quantities and phenomena of interest in cosmology [126], such as the
presence of a cosmological stochastic gravitational wave background: among other things it could
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probe gravitational waves produced in some inflationary scenarios [127, 128] in a complementary
way with respect to the usual study of the B modes of the CMB [129].

B Matched filtering technique

A quite remarkable point is that, at any given moment in time, the amount of noise in a detector
is in practice always higher than the signal which we expect from typical binary sources. What
allows us to actually spot a real signal in the noise is the matched filtering technique.

This technique is based on the fact that time series which is output of the detector o(¢) (which we
take to be the dimensionless strain), at any moment in time, will be given by the sum of the noise
in the detector n(t), and eventually by the signal h(t) due to an impinging gravitational wave (this
latter signal is actually modulated by the transfer function of the detector); so o(t) = n(t) + h(t).
Then if we have a template h(t) for the waveform of the signal we’re looking for and that we expect
to find in the detector, we can multiply together the output of the detector by the template and
average over time, to obtain [103]:

/ dt o(t /dtn dth ) h(t) (1.99)

T~ 7 -0 occonst

where the first integral in the right hand side oscﬂlates asymptotically to zero, since the noise and
the waveform are uncorrelated (i.e. [dtn(t)h(t) T2 due to its random walk behavior), while the
second term will average to a constant value (the average value of h2(t)).

It can be shown that the matched filtering is an optimal technique for extracting a known signal

from a noisy output when we adopt as Wiener filter K (f) o Sh ((f }), i.e. the signal h itself weighted

by the power spectral density (1.98). As a consequence of this, one introduces the corresponding
whitened quantities, such as the whitened strain: this is defined as the output of the detector
weighted by the amplitude spectral density ; and so gives more relevance to the frequencies

o(f)

Sn(f)
of the signal which we can better observe. In fact this is the quantity that it’s routinely employed
during the analysis (to which other filters are also applied) [153], and the template that’s used in

the research is the whitened template.

Let us now better formalize these concepts, extending them also to the case of signals collected by
N detectors (as seeing the same signal in coincidence between different detector greatly increase our
confidence about its astrophysical origin) [154, 155]. Then let us denote with g = {ga(t))}a=1,..N
the vector containing the N signals, on for each of the detectors. Then we can introduce the scalar
product between two such vectors g and k as:

=2 [ arlsutn) 1 (ks + 3 (D50) (1.100)

where for example g, (f) represents the Fourier transform of the corresponding g,(t) signal, and
[S,,(f)~1*? is the matrix of the power spectral noise density for the noise (auto)correlation between
several detectors, which generalizes equation (1.98):

(i (£ (1))

(f f)Sn(f)as - (1.101)

With these definitions we can evaluate the ideal signal-to-noise ratio for a given gravitational
waveform h as [103, 155]:

S
SLERVIIE (1.102)
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In this case the signal-to-noise ratio (SNR) quantifies the strength of the signal with respect to
the background noise; roughly speaking, during gravitational wave searches, candidate events are
recognized as such when their signal-to-noise ratio is above SNR > 8.

Finally let us point out that in practice, in order to achieve this optimal signal-to-noise ratio, and so
a high probability of detecting a candidate signal, the template must closely match the actual signal
due to the real gravitational wave (i.e. h = h). This is one of the several reasons why more accurate
waveform models are needed for next generation gravitational wave observatories (and hence why
post-Newtonian corrections are important). Furthermore, regarding the online search analysis of
gravitational events, to perform the aforementioned matched filtering analysis, a large template
bank has been created: in this way the signal recorded by gravitational wave observatories is
almost instantaneously compared with millions of precomputed waveform templates, which sample
densely enough the parameter space.

1.5.1 Interaction of gravitational waves in linearized theory

Here we will briefly outline which is the response of an idealized interferometric detector to a
gravitational wave passing by.

To do so it useful to move in TT gauge: in this frame any test-mass with constant spatial coordinates
(2% = const) will actually be moving along its geodesic (so it may describe a test mass which is not
under the influence of any external force) [103]. Then the perturbations due to the gravitational
wave is actually encoded in the varying spacetime interval As? between two spacetime events: we
see that in order to detect this perturbation of the spacetime we actually need to compare the
invariant distance of at least two objects (as dictated by the Einstein’s equivalence principle and
the geodesic deviation equation); whereas the value of the coordinates z# by themselves are not
physically meaningful in general relativity.

Let us point out that for ground-based interferometers the approximation of considering the sus-
pended mirrors as test masses is quite good: in fact these mirrors do not move along the geodesics
as the suspension system, which keeps them from falling into the ground, exert on them an external
force; yet when working in Fourier space, for the frequencies of interest, they behave as if they were
freely falling test masses. On the other hand space-based observatories, such as LISA, will actually
provide an almost exact realization of freely falling test masses, as the spacecraft will actually follow
the geodesic of an almost unperturbed cubic test mass inside of it; used as the reference point to
perform interferometric measurement.

We may then consider a coordinate frame in which one of the two ends (e.g. the mirror or the
beam splitter) of one of the arms of the interferometer is placed at the origin, z}' = (¢,0) (in fact
up to higher order corrections the proper time of a still test mass in T'T gauge is equivalent to the
coordinate time ¢ [103]), while the other one is placed in position 1, so z4 = (¢,1). Then we have
to consider the electromagnetic wave (i.e. the laser light) travelling between these two end points,
along a null geodesic ds? = 0. In TT-gauge, i.e. under the constraints (1.26), the definition (1.6)
becomes:

ds? = g datds” = —c*dt* + (6;5 + hg;-T(t,x))da:idxj ; (1.103)
and therefore along the null geodesic it holds c2dt? = (&;; + hiTjT(t,x))dxidzL“j . We define with
L = |1] = \/6;;1'l7 the spatial distance between the two end points z; and x2, and expand at linear
order in h,,, < 1 the previous relation along det =1'L du, with 1= ﬁ and 0 < u < 1, obtaining:

ij

L 1 ~isg
dt = du” (1 +5hy )1+ (’)(h2)> . (1.104)
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We now define as T' = % the propagation time from z; to xo for a light signal in the unperturbed
spacetime (so in absence of gravitational waves), denoting instead with AT the delay or speed up
due to the presence of a gravitational wave perturbation. Then, assuming the electromagnetic wave
to start in 1 at time ¢, we can integrate (1.104) to find:

T+AT(t):/T+AT(t)di L/ldu< + h( D) (t(u), x(u ))Z"Zj>+o(h2)
0 c

L

S +/ du T (t(u), x () I'T + O(h?) | (1:105)

C
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where we evaluate h;; ** at position (¢(u),x(u)) assuming the propagation of the light beam in the

absence of gravitational waves, up to higher order corrections; i.e. t(u) =t + T u and x(u) = 1L u.
We may now restrict ourselves to useful case of a far away localized source of gravitational waves,
which then propagate in direction n towards us (hence the system is located in direction —n for

the observer). Then we may recall equation (1.30) and the (a,v,n) orthonormal frame defined in
that section; from relation (1.105) we find:

~ L ~ia +oo . . N
AT(t,l)zQ—cllJ / df / du h+(f) e, (0) + h (f)ej(ﬁ)) emi2nft =2 u(T=200) | 0 (p2)

A +oo . T
= 11 / af (R (F) €508) + e (1) () e—ﬂ“f(t*z“—“‘)smc( = (1—ﬁ-l>),
B | (1.106)
where we used the identity fol due“ = %(eic -1) = 55 (e2¢ — e72%) = eécsinc(%), with
Sm(z) and sinc(0) = 1.

sinc(x) =

Then in a simplified setup of an idealized Michelson interferometer, to observe gravitational waves
we compare the round trip time for the laser light along two perpendicular arms of (almost) equal
length L, which we may denote as a and b. For definiteness we may assume arm a to lie on
the % axis, such that 1, = %, and arm b to lie on the y axis, such that 1, = y. Then, using
equation (1.106) we find the round trip for the light in the first arm to be given by AT,(t) =
AT(t — 25, %) + AT(t — £,—%), and similarly for other arm AT}(t). Finally, taking the difference
between these round trip times AT, (t)—ATy(t) we can evaluate (multiplying by the laser frequency)
the observable shift in the phase of the two laser beams as they join at the beam splitter. In
particular, dividing instead this time difference AT, (t) — AT}(t) by the total round trip time 27,
we can recast this observable as the dimensionless strain h(¢) measured in the detector, that is:

0 g (57 (12 5) war (i £ k) o (- ) -ar (1 )

(1.107)

In the regime of low frequency gravitational waves, so f < £, which is the case for the sensitivity
band of the ground based detectors (g1 Hz) we can approximate the sinc(z) function as
smc(ff) ~ 1, therefore (1.106) and (1.107) yield:

:1 sing  ming oo - - —i2m ft
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with the gravitational waves hZ;T(t) evaluated at the position of the beam splitter, and with D%
being called the detector tensor [103]. We can further simplify the above equation by parametrizing
the direction of propagation of the gravitational wave with n = (cos(¢) sin(6), sin(¢) sin(), cos(0))
in the detector frame, to obtain:

h(t) = Fi(¢,0) hi (1) + Fx(¢,0) hx () (1.109)

with hy and hy the polarizations as in (1.28) (which numerically for example could be given by
results (1.91)), and where Fy and Fy are the pattern functions of the interferometer. To obtain
the explicit expression for the pattern functions of this Michelson interferometer we can apply the
relevant rotation matrix, to obtain [103]:

Fo(6,0) = %(1 + cos2(0)) cos(26) , (1.110a)

Fy(¢,0) = cos(0) sin(2¢) . (1.110Db)

From these expression we understand that interferometers are all-sky instruments, capable of de-
tecting gravitational waves coming from almost any direction; yet the angular dependence implies
that some direction are still observed better than others.

1.6 | Beyond the linearized theory

The results we’ve obtained up to this point have been worked out in the linearized general relativity
theory. Nonetheless, if we wanted to insist on trying to describe the dynamics of a self gravitating
system assuming a flat background spacetime, we’d be using Newtonian gravity instead of general
relativity [103]; in fact the dynamics we've obtained in section 1.4 for a non relativistic binary
system are essentially ascribable to the Newtonian gravity theory, with only the addition of the
quadrupole power loss formula (1.68) due to gravitational waves emission.

Nevertheless these results were only the leading order ones, whereas the non linear Einstein’s
equations in general predict much more complex behaviors and dynamics, which must be taken
into account once the gravitational field becomes strong if we aim for accurate estimates. But this
isn’t an easy endeavour: as already pointed out, aside from few idealized settings in which exact
analytical solutions can be found, some of which have been presented in section 1.1, to obtain
generic solutions in general relativity one has to resort to some kind of approximation scheme.
Furthermore it’s usually necessary to tailor the approximation scheme to the problem at hand:
to be as effective as possible, and to make the calculations manageable, each formalism relies on
different assumptions or expands in a different parameter, being then valid only in a specific regime.
Hereafter, and in figure 1.6, we outline some of the most widely used approximation schemes in the
study of binary coalescence [37, 103, 132]:

e Linearized general relativity, which is the first order expansion about flat spacetime we’ve
studied in the previous sections: it’s a quite useful approximation because the equations
become easier to deal with, and because the intrinsic weak field assumption is actually well
satisfied in many physical settings, as outlined in section 1.3.1. Therein we’ve also seen that
the linearized theory can describe the Newtonian limit; but, at the same time, it can deal as
well with systems moving and being accelerated at relativistic speeds: in fact, for a system
not too massive, such that the curvature it produces on the background spacetime is little
to none, and which is also not governed by gravitational forces, one may use formula (1.50)
to compute the gravitational waves emitted in such scenario [103]. Furthermore, as long as
we’re studying non-relativistic stationary sources, the linearized theory can also be cast in the
gravitoelectromagnetism formulation, which presents equations analogous to the Maxwell ones
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in the absence of time-varying fields [101]; in such a representation some general relativistic
effects, such as the Lense-Thirring precession, become evident.

e The post-Minkowskian expansion (PM), which is a perturbative expansion in the Newton
constant G, understood as the strength of the gravitational field %’; < 1. This expansion
imposes no constraints on the velocities v at play, which hence could be relativistic. Therefore
such a formalism is particularly useful when dealing with unbound motion of bodies with
a large relative separation, e.g. two body gravitational scatterings; but also bound binary
systems in highly elliptic orbits. However, thanks to suitable procedures, it’s actually possible
to extract information about the dynamics of bound systems even by studying their unbound
motion in the post-Minkowskian framework [71-73]. Currently results up to the fourth post-

Minkowskian order (4PM, so G*) are known [158-161].

e The post-Newtonian (PN) systematic expansion, which is applied to bound systems and

therefore expands in the parameter Z—z ~ f—c@ < 1: it is meant to describe the general

relativistic corrections to the Newton gravitational potential for bound systems, as well as
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FIGURE 1.6 Domain of the two body problem in general relativity, during the inspiral phase, for self-
gravitating binary systems, for which hence holds % ~ (%)_2, represented in a plane with the mass ratio
% on the horizontal axis and the relative distance, in Schwarzschild radii units, Rﬁ on the vertical axis. In

reality the domains are not sharply separated as shown in figure, also because the accuracy of the several
approximations degrades smoothly over the plane. The purpose of such an illustration is instead to depict the
qualitative behavior and the strengths of each formalism. As such the Post-Newtonian expansion perturbs
the metric and other quantities around a flat spacetime, and it’s accurate when velocities are small, or
equivalently the relative separation is large. The gravitational self-force formalism instead starts from the
exact curved metric solution for a massive body, and evaluates the perturbation and the dynamics of the
system in presence of a much lighter body. Numerical Relativity allows to compute numerical solutions of
the full non-linear Einstein’s equations; nonetheless it’s extremely resource and time demanding, therefore
it’s applied where it’s most useful: to compute dynamics in the strong field regime which is not covered
by the other schemes. Finally the effective one-body formalism, to which the top right sub-picture refers,
encompasses elements from all the other ones, translating the two body problem into the one of a single
effective body moving in a suitably deformed effective curved spacetime; its validity region spans over the
whole parameter space, and it’s goal is to describe the full waveform. Figure based on [37, 156, 157].
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the power lost by the system due gravitational wave emission. Such a formalism therefore is
accurate only in the low-velocity and weak field regime, which is the case for example when
the relative separation between the two compact objects is large: therefore this framework
is suitable to describe the inspiral phase of compact binary systems [37]. We’ll explore more
thoroughly this formalism in section 1.6.1.

e Numerical relativity (NR), which solves the full non linear Einstein’s equations resorting
to numerical methods. The biggest advantage of this method is that it is the only one
which can accurately deal with the non-linear, strong gravity, regime of general relativity,
which is reached during the merger phase; and further it can take into account many widely
different physical processes which are actually expected to be important during a binary
coalescence. Then numerical relativity both allows to better study or constraint these several
phenomena and also let us produce the possibly most accurate waveforms: in fact numerical
relativity waveforms are usually taken as a benchmark to compare the ones obtained via
other methods, and some formalisms and waveform models are actually calibrated against
the numerical relativity results, in a synergistic approach. Yet the solution obtained with
numerical relativity will still be an approximation because spacetime, and all other relevant
quantities, have to be discretized; moreover the treatment of the singularities and the gauge
redundancy intrinsic to general relativity must appropriately be dealt with; and numerical
errors will be a limiting factor to the accuracy of any simulation. All of these issues were the
reason why the first accurate direct numerical simulations of the merger of black holes have
been obtained only recently, since 2005 [26—29]; and still today one of the main drawbacks
of numerical relativity is the fact that it is quite resource demanding: the computation
of hundreds of gravitational wave cycles, which may cover only the last stages of a binary
evolution, take on the order of O(10° ~ 10%) CPU-hours, which means the results may require
months of computations even on a large computer cluster [162]. On top of this, neutron star
mergers present an even more complicated environment to study: it’s necessary to take into
account also nuclear reactions and neutrino transport phenomena, to model the still unknown
equation of state of neutron stars, and to perform magnetohydrodynamic studies to reckon
with the strong magnetic fields [132, 163]. These complications are the reason why presently
there are still only a few thousands numerical relativity waveforms, despite the great effort
behind it [29]: this implies that by themselves they cannot cover densely enough the binary
system paramater space, so numerical relativity is complemented by semi-analytical models;
yet also surrogate numerical relativity models have been built, which for example use reduced
order modeling techniques to extract and interpolate the relevant information from the full
simulation, providing fast and almost as accurate new waveforms [164-166].

e The Gravitational self-force (GSF) approach, which uses perturbation theory to describe
the motion of a small body in the stationary spacetime of a larger body, but taking into
account also the back reaction due to the smaller body, from early to late inspiral [37, 132,
156, 167]. The natural expansion parameter hence is the mass ratio % (more precisely the

symmetric mass ratio v = %), and there are no formal requirements on the velocity

or the separation between the two bodies; in particular the stationary spacetime could for
example be the Kerr one if the larger body is a spinning black hole. This expansion then is

suitable to describe the dynamics of the extreme mass ratio inspiral (EMRI) events, where a

lighter object orbits for up to tens of thousand of times a much larger objects (as could be

a supermassive black hole) before merging. The expansion has been evaluated to first order

in v, even though recently there has been progress toward the evaluation of the second order

v? [168].

e Black-hole perturbation theory, which can be used to study the behavior of black holes slightly
displaced from their relaxed state [32-35]. This happens for example when the external
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environment presents perturbations instead of the perfect vacuum assumed by the few known
exact black hole solutions in general relativity; or when the black holes starts in an excited
states and relaxes back to its equilibrium configuration. In particular the latter case is of
interest for the study of the ringdown phase: after the merger of two compact objects, the new
compact object (generically a black hole) will be in an excited state; then it will quickly radiate
away this excess energy via gravitational waves. In particular to describe this system one
perturbs the exact general relativistic solution, usually taking advantage of the symmetries
of the system (so employing the spherical harmonics when spherical symmetry is present),
obtaining for example the Regge—Wheeler—Zerilli equations in the case of a Schwarzschild
black hole. From these equations, formally similar to the Schrodinger equation, one can
evaluate the quasi-Normal modes (QNM) of the system, which describe the oscillations of
space time produced by the excited black hole: to each of these modes is associated a specific
frequency and a different decay rate; asymptotically the decay rate is given a power-law tail
[37, 132, 169, 170].

The Effective-One-Body (EOB) formalism, which is an analytic approach that combines ele-
ments from many of the ones presented above. Introduced in 1998 [30, 31] with the goal of
describing the whole waveform from inspiral to ringdown, it is based on the assumption that
a system composed of comparable mass compact objects is a smooth deformation of known,
exact, single body solutions of general relativity [37, 169]. In practice the two body problem
is mapped into the one with an effective one body, that is, the problem of a test particle
moving through a properly deformed effective external metric. The effective metric may be
constructed for example by starting from the Schwarzschild metric associated to the total
mass m, or better the Kerr metric, and deforming it using as a deformation parameter the
symmetric mass ratio v = £ [30]; therefore in the test mass limit # — 0 one recovers the exact
result, which for example would not be the case when using the post-Newtonian expansion.
Then when the test particle reaches the light ring (at %Rs) of the effective metric, there is
the transition to the plunge phase: the system is now mapped to an excited black hole with
its associated quasi-normal modes; in fact from black hole perturbation theory one finds that
the effective potential for the quasi normal modes potential has a maximum at the light ring,
which then acts as a high-pass filter for the gravitational waves emitted by any infalling body.
This formalism therefore leverages also information from the previously presented methods,
as the post-Newtonian, post-Minkowskian and black hole perturbation theory, and actually
resums them appropriately, in such a way to capture also non-perturbative and strong-field
effects [30, 37, 169]. Furthermore, since the first numerical relativity simulations, free co-
efficients in the effective metric were further calibrated by comparing and fitting the EOB
waveforms against the numerical relativity ones, obtaining a really good accuracy throughout
the evolution of the system. In fact the effective one body formalism was used to generate
most of the waveforms in the template bank used by LIGO-Virgo for its compact binary
searches [171]; yet being still a semi-analytical model, the evaluation time of each of its wave-
form isn’t the fastest, therefore when performing the Bayesian analysis of candidate events
faster phenomenological waveform models may still be employed [172].

The post-Newtonian formalism

The post-Newtonian formalism is an approximation scheme of general relativity, which can be
applied to the study of systems in which the gravitational field is weak, i’;—’f < 1, and the velocities

are low, Z—z < 1[36, 103]. In this formalism in fact the complicated non-linear structure of general
relativity is simplified by expanding the relevant quantities in the expansion parameter ¢ < 1,
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where the previous assumption are quantified as:

2
v Gm
that is, we also demand the square of the velocity to be of the same order of magnitude of the value
of the gravitational field.

We can then see that this formalism is particularly well suited to describe the dynamics of gravita-
tionally bound compact binary systems during their inspiral phase, when the relative velocity is low
enough. In fact systems which are tightly bound together by the gravitational force are denoted as
self-gravitating systems, and for them it holds the virial theorem, according to which the relation
Z—j ~ % is satisfied as an average over time, where v is the typical velocity of the system, d its
typical size, Ry the Schwarzschild radius (1.5) associated to its total mass m [103]. Applying such
a relation to the case of a binary system made of compact objects, which is self-gravitating, we
obtain more precisely

v? _Gm _ R,

2

; (1.112)

Ar 2
hence we see that for such systems relation (1.111) is actually fulfilled, and so the post-Newtonian
expansion applies to them.

Furthermore the customary notation in the post-Newtonian formalism is to denote with v? (or with
c~2), instead of ¢, the expansion parameter. Then the expansion is organized as an infinite series
of corrections in v? to the leading order quantities: the terms of order v?" are denoted as nPN
corrections. Still, due to the relation (1.111), the corrections at order nPN are actually given by

a series of terms of the kind (Z—i)n " (%)Hm
The underlying physical idea is that we’re evaluating both corrections due to the non-vanishing
velocity, but also due to deviations of the background from flat spacetime; this also justifies the
statement we made in section 1.3.4: to perform a consistent expansion in v?
terms with varying powers of G, which is related to the strength of the gravitational field and so
to the curvature of the spacetime.

, with m = 0,...,n, as depicted also in figure 1.7.

we must also consider

In fact the name post-Newtonian of this scheme is due to the fact that the leading order (OPN)
term in the expansion is the Newtonian potential: therefore this formalism correctly reproduces the
classical Newtonian theory of gravitation when the expansion parameter ¢ ~ v? vanishes; whereas
all the higher order corrections take into account the contributions due to general relativity.

Additionally, to include the emission of gravitational waves in the dynamics of the system we
have to break the time-reversal symmetry, as we need to impose no-incoming radiation boundary
conditions [36, 103]. Then this causes the appearance of terms with odd powers in the velocity v
as well: for example the leading radiation-reaction effects are of order O(v5) with respect to the
leading order Newtonian equations of motions, therefore they represent a 2.5PN correction. In fact
radiation effects first enter at the 2.5PN order, and from there on they may contribute to both
integer and half-integer PN orders.

On top of this, as already mentioned, the non linear structure of general relativity will affect also
the propagation of gravitational waves, such that they will back-scatter on the curved background
spacetime or will scatter with themselves. Therefore, for example, at higher orders in the post-
Newtonian expansion part of the gravitational radiation is delayed, in such a way that a distant
observer will measure a wavefront, travelling at the speed of light, followed by a tail, which arrives
later [103]. At these higher orders then the behavior of the theory also becomes more complicated:
the aforementioned tail effect is one of the many hereditary effects which arise, and physically they
imply that the dynamics of the system depend not only on its current configuration, but also on
its whole past history [175].
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From an historical point of view, the post-Newtonian formalism has been one of the most studied,
because it is suitable to evaluate many observables in the theory of general relativity in physically
relevant scenarios. In fact the post-Newtonian (and also the similar post-Minkowskian) expansion
has been introduced by Einstein himself [171], as it posed to be well suited for solar system calcu-
lations: the assumption of non-relativistic velocities makes the time derivative of higher order with
respect to the spatial derivatives, %% < 821- , thereby simplifying considerably the calculations, and
eventually allowing to obtain also the Newtonian limit while working in general relativity [171].
The next-to-leading order (1PN) corrections are given in the Einstein-Infeld-Hoffmann Lagrangian,
after who derived it in 1938 [171]; nonetheless the 1PN dynamics of a two-body system had been
computed already in 1917, by Droste and Lorentz [13, 36]. The computation of higher order PN
corrections instead required much more time, because it presented several subtleties [103, 171];
actually this is still an active area of research.

In fact these complications and inconsistencies led to the creation of several different methods
with which one could evaluate the same post-Newtonian corrections to the binary dynamics: for
example the Blanchet—Damour approach, which performs a post-Newtonian expansion in the near
region and a post-Minkowskian one outside the source, matching them in the intermediate region
[37, 103, 176]; the direct integration of the relazed einstein equations which regularizes integrals
by restricting their integration domain [37, 103]; the ADM Hamiltonian formalism, particularly
efficient for computing conservative corrections to the binary dynamics [37, 177]; the effective field
theory approach (NRGR, non relativistic general relativity), which has been formalized by [43], and
which is the main focus of this thesis, see chapter 3. Furthermore there are also other approaches,
such as the Tutti Frutti method [20, 23], which employ analyical information obtained from a
variety of formalism to evaluate post-Newtonian corrections.

Currently it has been possible to evaluate the post-Newtonian corrections up to 4PN order in
several of these approaches [36-39]. Nonetheless several partial results are known at higher order,
or have been computed in only one formalism: presently the conservative potential for non spinning

0PN 1PN 2PN 3PN 4PN 5PN 6PN
1PM G + Gv2 + Gv* + G + Gv& + Go° + Go'?2 +
2PM G 4+ G%*v? + G*v' 4+ G%® + GP® 4+ GPol0 4
3PM G 4+ G2 + Gt + G+ G+
4PM G* + G + G+ G5 o+
5PM G® + G + Gt 4+
6PM GY 4+ GO +
7PM G" o+
FI1GUre 1.7 Scheme depicting how the post-Newtonian (PN) expansion is organized as a series of correc-

tions in powers of v? and G (see text). In particular all the terms in a given column enter in the corresponding
PN order. Furthermore let us recall that the post-Minkowskian (PM) formalism is an expansion in G only,
where the expressions are exact in the velocities: then all the terms along the same row belong to the same
PM order; in fact expanding the corrections of a given PM order we obtain corrections which contribute
to infinite PN orders. In particular the contributions up to the 4PN order, which have been evaluated in
several formalisms [36-38], are shaded in dark blue; the contributions up to 6PN, which are partially known
[20-23, 59, 64, 65, 77, 78, 173, 174] and necessary for next generation gravitational wave observatories, are
shaded in light blue; whereas the contributions up to the 4PM order, which have been recently evaluated
[158-161], are contained in the red box. Figure based on [39, 167].
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binaries is known up to the 5PN order [20, 22, 173, 174], also in the EFT framework [59, 64, 65]; and
progress is being made toward evaluating the 6PN conservative contributions, see references [21,
23] and [77, 78], and toward resolving discrepancies involving radiative contributions [178-181]. On
top of this, as we’ll explain below, at higher order it’s also necessary to evaluate others corrections
due to spin and finite size effects: then the conservative contributions due to spin corrections, which
are organized in several sub-sectors depending on the power of the spin, have been evaluated up
to 5PN order [182], with some contributions evaluated only via the effective field theory approach
[79-82]; furthermore much work is being carried out in the evaluation of higher-order finite size
corrections [83, 84].

Some of the most important applications of the post-Newtonian formalism have been to evaluate
the orbital dynamics in the solar system to the required accuracy (1PN, also for N-bodies), to com-
pute the orbital decay rate of the Hulse-Taylor binary pulsar due to gravitational wave emission
(2.5PN), and to evaluate the dynamics of compact binary system prior to their coalescence (requir-
ing possibly up to order 6PN-7PN for next generation gravitational wave observatories) [36]. Only
the latter system can produce gravitational waves with an amplitude high enough to be detected
by gravitational wave observatories, and this is the biggest reason why our investigation will focus
on them.

The reason why we need to compute corrections to such an high accuracy is that interferometric
observatories employ the matched filtering technique to find gravitational waves signal in the output
of the detectors, as explained in section 1.5. As a rough estimate, e.g. following [103], to apply
this procedure it’s then necessary to be able to evaluate the absolute phase ¢ of the gravitational
waveform within O(1); that is, the number of cycles N, which we computed in equation (1.94),

3
CQURS
using also relation (1.112), we find the scaling N ~ O (v_5 ) with respect to the expansion parameter.
Then we have to consider all the post-Newtonian corrections up to (’)(05) (so 2.5PN) to be able
to obtain a precision of order JN ~ O(1); actually also many higher PN corrections are needed to

accurately reconstruct the gravitational wave signal.

_ . _5 : :
within order unity (as ¢ = 2mrN). Then we see that N oc 73, and approximating f ~ ¥ ~

Regarding the theoretical setup, the post-Newtonian expansion is usually carried out in harmonic
coordinates, where the harmonic gauge, or De Donder gauge, is imposed by means of the harmonic
gauge condition [103, 183]:

O (V—=99") =0 (1.113)

One also requires the matter energy-momentum tensor to have a spatially compact support, so
for example that it can be enclosed in a time-like world tube with r < D for some finite D [103].
Additionally the condition of low velocity is understood to be valid for all velocities inside the
binary system, also inside each individual body: therefore we require also the sources themselves
to be weakly stressed [103].

A general point of the Newtonian expansion is that it exploits the hierarchies and separation of
scales that arise in the limit of non relativistic velocities v < 1: for example in the region near
the compact bodies we can approximate the retardation effects in the interactions as a series of
correction. It is also customary the treat separately the far away region where gravitational waves
propagate; then any corresponding quantities in the near and far regions are connected by matching
them in an intermediate buffer region, and this is possible only as long as v < 1 holds [36]. We will
take advantage of these hierarchies also in the effective field theory approach to the post-Newtonian
formalism, which will be discussed in chapter 3.

Nonetheless mathematically the post-Newtonian expansion is not a convergent series, but actually
an asymptotic expansion [103, 184]: this means that even if we were to evaluate all the PN correc-
tions, the series would not converge for finite values of v?; instead in practice above a certain PN
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order the corrections will start to make the evaluated quantities oscillate and diverge in an non-
physical manner. This is what happens when the compact objects reach relativistic speed v ~ O(1)
just before the coalescence, and so there the post-Newtonian expansion breaks down; yet prior to
that point the higher order corrections are accurate and necessary.

Let us notice as well that, despite the fact that formally the post-Newtonian expansion does not
requires the masses of the two compact objects to be comparable, in practice systems with a large
mass ratio % will perform many orbits at highly relativistic speed before merging; this is the
reason why the post-Newtonian expansion is not best suited to describe the last stages of these
systems, as opposed to the gravitational self-force formalism.

B Finite size effects and spin

An interesting feature of the post-Newtonian expansion is that the specific details of the internal
structure of the compact bodies become relevant only starting from the quite high 5PN order: this
is known as the effacement principle [103]. The corrections that arises from that order onward
are due to the fact that the first body creates a non homogeneous gravitational field, which exerts
tidal forces on the second body, making it bulge (more precisely inducing in it a quadrupole
moment); then it’s this deviation from the spherical symmetry of the second body that exerts a
force on the first body, modifying its trajectory [103]. In practice this means that we can treat
the compact objects just as point particle, regardless if they are black hole or neutron stars: as
we just said the difference can be probed only starting from the 5PN order, where its encoded by
the A tidal deformability parameter. Nonetheless these corrections are extremely interesting from
a phenomenological point of view, since they allow us to assess if the compact objects are black
holes (as non-rotating black holes have vanishing Love numbers [185], i.e. tidal deformability) or
neutron stars. In the latter case measuring the tidal deformability also reveals information about
their equation of state [186], providing clues about the behavior of QCD in extreme, high density,
environments, which could not be probed otherwise [187].

The post-Newtonian expansion allows to take into account as well the spin of the compact objects,
that is, the intrinsic rotation of each object. In particular the spin first contributes at 1.5PN order
with the spin-orbit coupling, and at 2PN with the spin-spin coupling, contributing from there
at any half-integer post-Newtonian order [182]. From the phenomenological point of view, these
corrections induce a modulation of the observed waveform. Furthermore also the spin may induce a
deformation of the compact object, which can be described by a series of multipoles; then, similarly
to what we’ve discussed above, these multipoles induce post-Newtonian corrections [188].

Both spin and finite size effect corrections have to be included in order to obtain accurate results
for the waveform. In fact for next generation gravitational wave observatories the corrections up
to 6PN order will be needed in order to keep the systematic error at an acceptable level, and we
may expect to observe compact binary systems also with an high spin [39, 189].



EFFECTIVE THEORIES AND
MULTI-LOOP TECHNIQUES IN
QUANTUM FIELD THEORY

In this chapter we present some concepts and techniques that are used in the rest of this thesis work.
In particular in section 2.1 we will recall some concepts from quantum field theory and effective
field theories that will prove to be useful in the following, such as the path integral formalism, the
procedure to integrate out fields, and the in-in formalism. In section 2.2 instead we will present
the modern computational techniques that are currently employed to evaluate multi-loop integrals
arising in quantum field theory, and that will be extensively used in this thesis: this is due to the
fact that the diagrams that we will have to evaluate will result in integrals that can equivalently
be mapped to multi-loop diagrams appearing in massless quantum field theories.

From this chapter onward we will often adopt 7~ = ¢ = 1 units, see Notation for further details.

2.1 | Quantum field theory and effective theories

211 Partition function and generating functionals in quantum field theory

In the path integral formulation of quantum field theory, given the fields {¢, } and the corresponding
fictitious source currents {J,(x)} in d dimensions (e.g. d = 4), the partition function of the theory
is defined as [190, 191]:

Z[{J}] = /D¢r oS+ X2, [dTe Jp (2) P (2) : (2.1)

which is a functional integration, with a measure of integration given by D¢,. It is particularly
useful because it is the generating functional for correlation functions of fields, and hence is also
denoted as functional generator of disconnected n-points functions; in fact the n-point function can
be obtained by taking functional derivatives of the partition function as [190, 191]:

| 5" Z1J)
[0] 8T, (1) -+ 6., (n) | y—g
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where T'(O) is the time ordered product of operator O.

Usually the partition function cannot be computed exactly, therefore perturbative methods are
employed. In particular the partition function is the vacuum-to-vacuum transition amplitude in
quantum field theory [191], so we can evaluate it by summing over all vacuum Feynman diagrams,
both connected and disconnected; instead the n-point correlation function, given in (2.2), may be
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evaluted as the sum of all Feynman diagram with corresponding n external legs without vacuum
bubble diagrams, i.e. excluding diagrams that contain a part not connected to any external line
[191].

It is also useful to define another related generating functional, the functional generator of connected
n-points functions W[J|, which is related to the logarithm of the partition function by

W[J] = —iln(Z[J]) . (2.3)

While the partition function generates both the connected and disconnected amplitudes, W[J] can
be used to obtain only the connected n-point functions as [191]:

e @11 20) = (T (6 @0) - 6, () = (i) o ) (2.4
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In particular by summing only over connected diagrams, one obtains the logarithm of the partition
function, that is, In(Z[J]) = iW[J].

2.1.2 Integrating out fields and effective action

In the following chapter 3 we’ll be interested in finding equivalent descriptions of a system while
not taking into account all of its degrees of freedom. In quantum field theory this is possible by
integrating out a field, to find an effective action which describes the exact dynamics of all other
fields, without ever referencing the now removed degree of freedom.

Assuming for definiteness to have two field ¢ and y, we can integrate out the field y by noticing
that we can formally rewrite the partition function as:

Z= / DpDy eS1ox = / D¢ etSerslol (2.5)

where we have defined the effective action
Seffld] = —iln (/ Dx eiSW”X}) . (2.6)

We can see that the operation of integrating out a degree of freedom, which may be a field or also
just its high energy modes, is formally exact as it has been presented in formulae (2.5) and (2.6);
nonetheless, analogously to the previous cases, their actual computation may not be feasible. We
can notice however that the expression for effective action (2.6) is formally equivalent to the one
for the connected functional W[J] as in (2.3); therefore we can obtain the expression for iScs; by
summing over all connected vacuum diagrams which have only the y field propagating, i.e. where
the other field are taken as constant.

To be more precise about this last claim, let use consider the general case where {¢} and {x} each
possibly represent a set of fields, with the {x} fields to be integrated out, and let use express the

total initial action in (2.5) as S{¢},{x}] = Su[{o}] + Sx[{X}] + Smizeal{9}, {X}]; where Sy, Sy,
Spized Tefer to the terms of the action which respectivelly include only {¢}, {x} or both type of

fields. In this case the effective action for the fields {¢} is given by Scrr[¢] = Sg[{4}] + S;%[{gi)}],

with:
i S [{6)] = In ( / Dy €i<sx[{x}]+smized[{¢},{x}1>> ' (2.7)

Then the analytic expression for zSé’}’} can be obtained by summing the connected diagrams ob-
tained in a theory with action Sy[x] + Smized[®, X], and in which we consider only the fields {x}
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that we want to integrate out: that is, the other fields {¢} are to be understood as constants which
will enter only in the coefficients of the Feynman rules of the vertices of this theory; in particular
the only propagators will be those of the {x} fields, and in the diagrams there can be only lines of
the fields {x} we're integrating out.

After this procedure we expect the new effective action Sef¢[{#}] to contain all possible operators
allowed by the symmetries of the system, and actually possibly also non-local terms, in which case
a suitable expansion has to be performed in order to find an equivalent local Lagrangian. Hence in
general we have [192]:

Sl = [ d S eoo}@) | 28)

where ¢; are the Wilson coefficients of the corresponding local operators O;({¢}(x)). The net
result of integrating out fields is therefore to either modify the Wilson coefficients of the operators
of the {¢} fields already present in the original theory, or to generate new operators of these fields
altogether.

Let us notice that the Wilson coefficients ¢; encode the information about the degrees of freedom
we integrated out, and in particular, due to the renormalization group flow, this implies that their
value will depend on the physical scale we’re probing. In the Wilsonian view of the renormalization
group, if we take a theory with a cutoff at an energy scale A and lower it down to the energy scale
A’, the Wilsonian coefficient associated to an operator with mass dimension [O;] = A; scales as:

ci(A) = Aide(1) (2.9)

where we have defined A = AK/ < 1. In particular operators which have a mass dimension A; < d
are denoted as relevant operators, and we expect them to dominate the dynamics of the system
at lower energy [38, 190]. This will be a key point for the next section 2.1.3, as we’ll see that at
low energy, to reach a finite accuracy for the physical observables, it should suffice to consider only
the relevant and at most a few additional operators, selecting them in order of increasing mass
dimension, as all the other ones become increasingly suppressed.

Finally let us also point out that truncating the sum only at tree level diagrams, so integrating
the functional integral at the classical level, corresponds to solving the equation of motions for the
fields we’re integrating out, eventually neglecting the kinetic term, and substituting the solution in
the original action, as may be shown by performing a saddle point approximation of path integral
[193].

We’ll exemplify some of the concepts presented so far in section 3.1.

2.1.3 Effective field theories

An effective field theory may be regarded as an approximate theory, which captures only the relevant
degrees of freedom needed to describe, to the desired accuracy, the dynamics of the system in a
selected and limited range of validity.

The effective field theory approach is a paradigm which is used a lot in physics and related fields,
sometimes more or less consciously: to describe the dynamics of a macroscopic object here on Earth
one employs classical mechanics, without performing complicated quantum mechanical or general
relativistic calculations, and such an approach suffices for most applications.

In fact, even if we have at our disposal a more complete and therefore more accurate theory, in some
regimes one may find simpler theories which provide an equivalent description of the dynamics of
the system: the range of validity and the accuracy of such predictions may be limited, but under
the right circumstances these effective theories may be preferable, because, given the same finite
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computational effort, one may evaluate more higher order corrections thanks to the simplified setup,
possibly obtaining more precise theoretical predictions.

The idea underlying effective field theories is that dynamics at low energy, or equivalently large
distances, does not depend on the details of the dynamics at high energy, or short distances. This
allows us to employ a simplified theory, for example a Lagrangian with fewer degrees of freedom,
to describe the same phenomena [194]; under suitable conditions this is for example proven by the
decoupling theorem [195-197]. In particular, the viewpoint according to which the Standard Model
of particle physics and general relativity are just the leading terms of some effective field theory,
and not complete theories per se, is becoming increasingly widespread [198].

Actually EFTs are well suited also when widely different scales appear in the problem being tack-
led, as they can connect those different scales via renormalization group flow, resumming large
logarithms which otherwise could have spoiled the perturbative expansion [193, 199].

As will be explained in the following, in the context of quantum field theories, an effective field
theory may be constructed either by following the top-down or the bottom-up approach, or also a
mix of the two.

B Top-down approach

The top-down approach is a procedure that can be employed to construct an effective field theory,
but requires the knowledge of a more complete theory, also called UV (ultraviolet, in the sense of
high energy) theory.

This approach is based on the assumption that the high energy degrees of freedom will be off-shell,
and therefore cannot be excited or directly produced by the phenomena we’re studying. Nonetheless
they exist and play a role in the dynamics of the complete theory, so we expect their presence to still
be in the effective theory: this happens via modification of the values of the Wilson coefficients for
the effective theory, and via scale-dependent renormalization group flow of those same coeflicients,
akin to what we’ve seen in section 2.1.2.

In particular the procedure can be so summarized:

e Identify the scale A, which for definiteness could be an energy scale, below which the effective
field theory is meant to be applied;

e Identify the high energy degrees of freedom, which for example have an energy E > A, and
the low energy degrees of freedom of the theory, with £ < A, eventually by splitting the fields
into two components if needed;

e Find a power counting scheme that allows to organize the calculations; for example expand
the Lagrangian and the relevant quantities as a function of the scale A, in such way to be
able to easily recognize the finite subset of terms that must be evaluated in order to achieve
the required accuracy in a given calculation;

e Integrate out the high energy (or heavy) degrees of freedom; that is, obtain an equivalent ef-
fective field theory with only the low energy (or light) degrees of freedom, but which describes
the same dynamics of the UV theory in its regime of validity, e.g. for E < A;

e If the theory presents several physical scales, one should perform this steps at the boundary
of each scale, while in between evaluating the running of the coefficients of the operators via
renormalization group techniques.

The physical scales we’re mentioning could be the masses of the high energy degrees of freedom. For
definiteness, considering the UV theory, we may start our procedure from a really high renormaliza-
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tion scale p, e.g. such that p is larger than all the other masses or such that all nonrenormalizable
operators may be neglected, and we may lower the scale using renormalization group techniques,
which imply a running of the couplings. When the renormalization scale reaches a physical scale,
for example p = M, with M the mass of a heavy degree of freedom, we should integrate out such
field by matching the initial theory to a new effective theory, which now doesn’t include that heavy
degree of freedom anymore. One then applies again the renormalization group techniques to lower
the renormalization scale, and this procedure is to be repeated until we arrive at the scale A we're
interested in [192, 200]; this also allows the resummation of large logarithmic factors which other-
wise may spoil the perturbative expansion [193, 199]. In practice, this matching of the theories is
performed by imposing that observables, or also S-matrix elements, as evaluated in both theories
are the same [192, 194, 200], e.g. by comparing both quantities after having expanded them in the
same parameter.

One may also integrate out the heavy degrees of freedom as explained in section 2.1.2 [193]. Fur-
thermore, as we pointed out there, due to the operation of integrating out fields, and due to the
renormalization group flow, we expect the action of the effective field theory to contain all operators
permitted by the symmetries of the system.

B Bottom-up approach

This is the alternative approach to the construction of an effective field theory. The key steps here
are [193, 194]:

e Identify the relevant degrees of freedom of the theory, at the energy scale of interest;
e Identify the symmetries of the system;

e Identify the correct expansion parameters, which will let us organize systematically the per-
turbative expansion;

e Write down all the possible operators which are consistent with the aforementioned symme-
tries;

e Perform a matching procedure to find the values of the Wilson coefficients of the operators,
either by computing observables and comparing them with physical measurements, or by
matching them with the ones computed from a known UV theory.

As the number of operators may be infinite, one usually performs the last matching operation up
to some finite accuracy, considering only the subset of operators which are the most relevant for
the calculation, as suggested by the expansion parameter [197]; also to compare different physical
scales the couplings of the theory should be evolved via renormalization group equations [196, 199].

This bottom-up approach is justified on the basis that, at least at low energy, we expect physics to
be described by quantum field theory, therefore writing down the most general possible Lagrangian
will yield the most general possible theory [201]. Furthermore this approach is necessary when we
don’t have a more complete (UV) theory to start with, as in this case we may only perform the
matching with the experiments; still the resulting EFT may actually give insights useful for finding
such an UV theory [193].

214 In-in formalism

The action principle, and the framework of quantum and effective theories, have proven to be really
successful in describing physical phenomena, yet their usual formulation, where we evaluate tran-
sition amplitudes between an in-state and an out-state, is not suited when dissipative phenomena
are involved. In fact, in order to correctly account for dissipative effects that arise when dealing
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with systems whose evolution is non-time symmetric, it is necessary to employ the in-in formalism,
also known as Schwinger-Keldysh formalism, or CTP (closed time path) formalism [202-204] (see
also [197, 205, 206] for further details and applications).

In fact the in-in formalism has been applied in many context that are concerned with non-
equilibrium processes [202-204], and also for example in Cosmology [207, 208]. Regarding the
two-body problem in General Relativity, the in-out formalism actually suffices for evaluating con-
servative contributions to the dynamics of the system; instead when evaluating dissipative contri-
bution, where radiation gravitons are involved, the symmetric nature of the Feynman propagator
may lead to wrong and non-causal results, therefore the in-in formalism becomes necessary [202].
Furthermore at higher perturbative orders it may not even be possible to clearly distinguish all
conservative and dissipative contributions: one solution may be to directly evaluate the equation
of motions for the system to automatically incorporate both effects [180].

The in-in framework, first introduce by Schwinger [209], allows, once defined the initial in-state, to
compute the expectation value of an operator with respect to these fields at a later time [210]. To
do so one doubles the degrees of freedom: one consider the evolution of two generic in-states toward
the same, arbitrary, out-state; integrates over all possible future states, and finally sets both initial
in-states to be the same, actual, in-state that one is concerned with.

For example, if the initial theory contains a field ¢, coupled to a source current J, with an action
S[¢, J], then to implement the in-in formalism we have to double the degrees of freedom: first we
introduce the fields ¢ and ¢, which are involved respectively in the forward evolution and the
backward evolution to and from the same arbitrary out-state (this condition is enforced imposing
P1(t = 00) = ¢ao(t = 0)), and then we introduce the sources currents J; and Jo, which couple
respectively to ¢1 and ¢9 [202, 206]. It can be shown that, given the path integral [202]

W1 J2] / D1 Doy eiS101]=iSIg2lti [ &zl (@)g1 (@) [ AT w2 ()d2(a) (2.10)

where we enforce ¢1 = ¢9 at t = 0o, by evaluating the one-point functions for the ¢1 and ¢, fields
in the in-in formalism

ow ow

(@1(t;%))in—in = 61(t%) jy—jp—o (2t X)inin = 0026, %) jym gy

(2.11)

we obtain the correct and causal expressions for the expectation value of the original field ¢ eval-
uated in the vacuum state, (¢1(t,X))in—in = (d2(t,X))in—in = (0]¢(t,x)|0) [202].

Usually it is more convenient to work in the so called Keldysh representation, in which every
quantity F7 and F5 is redefined into the quantities F; and F_ according to:

1
F, = 5 (Fy + Fy) , (2.12a)

F_=F —F; (2.12b)

in particular this transformation has to be applied to both the fields ¢1,¢92 — ¢+, ¢_ and the
sources Ji,Jo — J4, J_.

If the action S[¢, J] for a massive (or also massless) scalar field ¢ has only a linear interaction
term, so S|, J] = %8ﬂ¢8“¢ — %m2¢2 + J(x)¢(x), then, after doubling the degrees of freedom and
employing the Keldysh representation (2.12), one finds that the path integral (2.10) can be exactly
solved to yield [202]:

WlJy,J | = ;/dd“x/dd“y Ja(z) DAB(z —y) Ja(y) , (2.13)
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with A, B = =+ indices related to the Keldysh representation and DA the matrix of two-point
functions given by [202]

AB - - 0 _iDadv (‘73 - y)
D% (x —y) = <—iDret($ _y) %DH(x _y) > , (2.14)

where, defined the Wightman functions [202, 205]

AL(t,x) = / (gjr;_’fl eyi;:k'x = / (gjr;_]fl 0(+K°) 5((k°)2 — K2) ¢ K tHikx (2.15)
we have that [202, 205, 206]
Daay(t,x) = —i6(—t) (A4 (t,x) — A_(t,x)) (2.16a)
Dyei(t,x) = i6(t) (A4 (t,x) — A_(t,%)) (2.16b)
Dy(t,x) = Ay (t,%) + A_(t,x) (2.16¢)

are respectively the advanced propagator, the retarded propagator, and the Hadamard propagator.

Finally in the Keldysh basis the vacuum expectation value for the scalar field ¢ can be evalauted
via [202]:
ow

<0|¢)(7§,X)‘0> = <¢)+(t,X)>m,in J1=0 = m J1=0 . (2.17)

For a practical application, we’ll employ this formalism in section 5.2.

2.2 | Multi-loop techniques in quantum field theory

221 Dimensional regularization

When working in perturbative quantum field theory, often ones encounters divergences. The di-
vergent integrals can be regularized by appropriate regularization schemes, one of the most used
being dimensional reqularization. The basic idea is that in loop integrals one formally replaces the
dimension of space-time (3+1 = 4) with a real, or possibly complex, parameter d [211]. In this
way ultraviolet or infrared divergences show up as poles in the complex d-plane; the final result
can then be Laurent expanded around d = 4 + 2¢ with ¢ — 0, and the result so obtained properly
renormalized. In general one requires the d-dimensional integral to satisfy all the usual properties
of integrals, like linearity, translation invariance and scaling behaviour [211].

Furthermore, when we encounter some integrals that are divergent in d = 4, we may work around
this by instead keeping the dimension d of space-time arbitrary in order to obtain convergent results
for some values of d. If this is the case one can then define the initial integral as the convergent result
just obtained, and analytically continue this new definition to the other values of d, eventually also
d =4 [194]. As we’ll see later, this is the case for scaleless integrals; similarly, keeping d arbitrary
allows for integration-by-parts identities to vanish on the boundary, as wanted.

B Direct evaluation of spherically symmetric integrals in dimensional regularization

While working in dimensional regularization, the loop integrals that one may be able to directly
evaluate usually present a spherical symmetry; in such cases then it’s useful to perform a change of
variables, from the cartesian k system to the hyperspherical d-dimensional coordinates. This allow
for a clear treatment of a continuous number d € R of variables of integration: the aforementioned
change of variables is a reparametrization of the d components {k',..., k?} as a function of a single
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radial variable, i.e. K = |k| with K € [0,+00), and of d — 1 € R angular variables, which for d € N
(d > 2) can be interpreted as the usual d — 2 angles ¢1, ..., ¢4—2 with domain [0, 7] radians and the
last angle ¢4_1 with domain [0, 27) radians. Under this change of variables the integration measure
factorizes as

d%k = K91 dK dQy 4 (2.18)
where d€24_ is the area element of a unit (d — 1)-sphere.

If the integrand then enjoys spherical symmetry, i.e. is a function of the radial component K only,
we may directly factor out the angular integration, obtaining the total area Q41 = [dQq_; of
the unit (d — 1)-sphere. Such a factor can be evaluated in arbitrary d-dimension via the gaussian
integral trick:

400 d +oo
(ﬁ)d = </ dz 6_:62) = /ddxe_((xl)Q"'“"i_(xn)Q) = /de_l/O drrd_le_r2 s (219)

—00
L b |
()

where we recalled the definition of gamma function (B.2), to obtain

Qg1 =

(2.20)

B Scaleless integrals

A property of dimensional regularization is that integrals which do not depend on external quantities
may vanish identically. In fact, by dimensional arguments, if the integrand has mass dimension
[f(k)] = a, then given a mass scale p the integral must scale like

d
/ (;’; F(k) ~ e (2.21)

Nonetheless, if a # —d and the integrand f(k) is a function of the integral variable k only, i.e. the
integrand does not depend on any other external dimensional quantity, then there is no scale p to
which the integral may be proportional to; therefore it must be equal to zero [211]. More formally
each integral in dimensional regularization is defined by analytical continuation from the set of
values of the parameters where such integral is convergent [212]. This means for example that in
dimensional regularization we can define [212]

dik 1
oy e = 222)

where we employed also the result (C.4). Let us point out that according to reference [211] for
the specific value @ = % the above integral actually is proportional (up to normalization of the
measure) to I'(1 — d); in fact if we evaluate (C.4) in d = 4 + 2¢ dimensions, and with a = %, the
above integral is still divergent even if we regolate it with a mass, the final results having a pole of
the kind 1 +1In(m) + O(e). In practice, when both UV and IR divergences are present, it may not

be possible to set scaleless integral to zero, see references [213, 214].

222 Tensor decomposition

When evaluating a diagram it is customary to break it apart into its tensorial (and Dirac) structure
and its scalar part: this allows to simplify the problem, since these structures can be solved for
separately.
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To be more specific, restricting ourselves to the case with no Dirac structures, let us assume to have
a term I*P(p1,...,pE), which carries tensor indices p...p and depends on E external momenta
P1,-..,pE, and that can be cast into (a sum over terms of) the form

[t (A% NE (R ()
" p(pl”"’pE)_/il_[l<(27r)d> DUt An ) (2.23)

so these terms for example may be some complicated integration over L loop momenta kq,..., kr,
with D({k;},{p;}) the scalar denominator and N*-*({k;},{p;}) the numerator which carries the
tensor indices. In particular let use notice that such a numerator, i.e. its tensor quantities, may
depend on both the loop momenta {k;} and on the external momenta {p;}, nonetheless once we
perform the integration, the result /#?({p;}) cannot depend anymore on the loop momenta, but
still must carry a tensorial structure compatible with the one which was present in the numerator.
This means that the most general form of the result I#”({p;}) is given by a sum over all such
possible tensorial structures, each multiplied by a scalar coefficient which is called form factor.

Therefore the tensor decomposition procedure, aimed at solving integral (2.23), involves writing
IFP(p1,...,pE) as a sum over all the possible tensors {t; "’} with the correct tensor structure,
each multiplied by their scalar form factor {F,}, i.e.

Py, ) = 3 Fy(ps o, p) (b1, . pi) (2.24)

In particular the set {t§ "} of all possible tensors is obtained by multiplying all the tensorial
quantities on which I*? may depend upon, in all the possible ways, until the number of indices
is saturated, and then by considering all the possible permutations of the indices. Such tensorial
quantities are for example given by the metric g (which is the Kronecker delta 6% in Euclidean
flat space) and by all the external momenta pY, ..., ph, while no loop momenta may appear. Let
us also notice that in principle one should consider also the Levi-Civita symbol, e.g. €% in three
dimensions and €*P? in four dimensions, but while working in dimensional regularization this
tensor isn’t well defined and instead must be treated appropriately, just like Dirac structures; this
may be accomplished by treating differently the 3 (or 4) space-time dimensions with respect to the
remaining d — 3 (or d — 4) dimensional space [211, 215].

The problems now has been reduced to the one of finding the explicit expression of the form factors.
To do so we can project the tensor expression (2.24) by applying an appropriate set of projectors
{P: ..}, to obtain a set of scalar expressions, one for each projector we applied. If we can obtain
as many independent scalar expressions as the number of the form factors (i.e. of different tensors
{t4?(p1,...,pE)}), which we assume to be @, then we can solve the system of linear equations
we just found, to obtain the explicit expression of the form factors. In particular, keeping only
the set of projectors which give independent scalar conditions for the system, so {P, . ,} with
r=1,...,Q, then:

Pr‘,y...plump(pla"wa ZPT“ ptg pp17"'7pE) Fq(p17"'7pE) — f:TF

. (Tra (Fq

(2.25)
. . Q
== 4 F=T71'T «— Fq(pl,...,pE Z # pIu p(pl,...,pE).

s=1

To find the set of projectors needed to accomplish this feat, one usually just makes the ansatz of
simply choosing as the set of projectors {P, . ,} the set of the tensors {¢}”} themselves, raising
or lowering the indices as needed in order to be able to correctly contract these quantities.
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At last let us also notice that in general, starting from an expression (2.23) which foresees an
integration over the loop momenta {k;}, then the tensor decomposition procedure will yield a set
of scalar form factors whose expression will still present the integration over loop momenta, but now
with a modified integrand, still dependent on both the loop {k;} and the external {p;} momenta,
but which in particular will be now be scalar quantity, so without any tensor index. Therefore the
tensor decomposition procedure lets us reduce the complicated problem of integrating an expression
of the kind (2.23) to the more common problem of solving a scalar integral.

An explicit application of this procedure will be shown in section 4.3.2.

2.2.3 Scalar integrals algebraic manipulation

Once one has applied the tensor decomposition procedure just outlined to the relevant diagram
expression, one will be left with a scalar integral. Such integrals can then be further manipulated
to cast them into Feynman integrals. In particular, let us consider again a generic Feynman diagram
with k1, ..., kr internal loop momenta and p1, ..., pg external momenta. Now the general structure
of the scalar integrals associated to such a diagram will be given by:

b dk N({k}, {p})
M(p1,....pe) z/];[1 <(2ﬂ)d> (2.26)

DY ({k} {p)) - D (K}, {p})

where Dy,...,D,, are the m denominators, in general associated to the propagators and each
raised to the respective power ayq, ..., a,, while A/ is the numerator; all of these terms are scalars,
and therefore depend on the scalar product between the momenta, possibly both internal {k;} and
external {p;}. Let us also notice that in a diagram with n > 0 external legs, due to momentum
conservation there are only n — 1 independent external momenta; therefore in the following we
assume all the F external momenta to be independent.

B Reduction to scalar Feynman integrals

To proceed further, we’d like to rewrite the integrand in equation (2.26) as a sum of terms, each
of which is a product of denominators only. To do so we can notice that, because both the
denominators are functions of scalar products, we may invert these relations to express a generic
scalar product as a function of the denominators {D;}; we may then employ such relation to
re-express the scalar products appearing in the numerator as a function of the denominators only.

This operation requires the invertion of a system of equations; therefore is possible as long as
the number m of denominators is greater or equal than the number of k-dependent scalar products
appearing in the numerator; in fact scalar products between external momenta only are constants for
what concerns the loop integration. Recalling that the scalar product is symmetric, the maximum
number of scalar products with at least one loop momenta which may appear in the numerator is

L(L+1 L
N=(2+)+LE:2(L+2E+1). (2.27)
N—— ki-pj
Ei-k;

While for 1-loop calculations (L = 1) there are no issues, as it holds m = n = E+1 = N, in
general for L > 1 it may be needed to artificially enlarge the set of denominators in order to be
able to invert the system of equations. The scalar products which can be written as a function of
the original denominators are called reducible scalar products (RSPs), while the ones which cannot
are called irreducible scalar products (IRSPs); the new denominators which we choose in order to
satisfy m’ = N are called auziliary denominators: we may choose some irreducible scalar products
as auxiliary denominators in order to obtain a complete basis of denominators, i.e. the constraint
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on our arbitrary choice is the one of obtaining an invertible system of equations with an unique
solution [216, 217].

At the end of this whole procedure, the integrand will be a function of the denominators only, up to
k-independent factors; we also assume that such a function can be expressed as a sum over products
of powers of denominators only; for example this is possible if the initial numerator N'({k}, {p}) is
a polynomial in the scalar products. This procedure let us cast equation (2.26) into the form

M(pr,....pp) =Y 1 (2.284)

J

- 1
Lip,....p5) = /1:[1 <(2ﬂ)d> B o D ) (2.28b)

with ¢; constants in the loop momenta; in particular we may denote the integrals I;(p1,...,pE)
as scalar Feynman integrals [218]. Tt is customary to denote as integral family the set of integrals,
written in form (2.28b), which have the same set of independent denominators {D;} and powers
a; € Z (withi =1,..., N). Furthermore, given an integral family, one defines a topology (or sector)
as the set of integrals in which all the non-auxiliary denominators are raised to some positive power,
therefore to a topology we may directly associate a diagram where momentum conservation holds
at each vertex. Additionally a subtopology of given a topology is defined as the set of integrals
in which some non-auxiliary denominators are raised to zero power, hence the diagram associated
to such a subtopology can be obtained by taking the one of the parent topology and pinching,
i.e. removing, the propagators corresponding to the missing denominators; in such a diagram
momentum conservation still holds at each vertex [55, 219, 220].

An application of this procedure of reduction to scalar Feynman integrals will be shown in section
4.3.2.

224 Reduction to Master Integrals

Our goal is now to further simplify the problem of evaluating the {I} scalar Feynman integrals
given by expression (2.28b); in particular we want to rewrite each of them in terms of a smaller
set of independent integrals, known as master integrals {I™!}, which form a basis of integrals in
dimensional regularization [205, 211]: this means that the amplitude can be fully decomposed as a
linear combinations of master integrals [211], i.e

M(p1,....pe) =D Bilpr, - pe) (D1, . pE) ; (2.29)

in practice, if we express each of the Feynman scalar integrals {/} in equation (2.28) as a function

of the master integrals as I; =) . d I MI " then the coefficient explicitly read 8; = 3. ¢; d(] ),

J
The reduction of the amplitude as a linear comblnatlon of master integrals therefore is equivalent to
the reduction of each scalar integral I; =) . d )I MI " that is, to finding the coefficients d( 7 This
can be accomplished by employing relatlons between scalar integrals, in order to reduce the number
of integrals down to the minimal set given by the master integrals; such relations for example are
given by symmetry relations, integration-by-parts identities (IBPs), Lorentz invariance identities
and dimensional recurrence relations [221].

On a side note let us point out that since any Feynman integral can be expressed as a linear
combination of master integrals, then one may look for an inner product to equip the vector space
of integrals with: in such a way the coefficients in front of the master integrals can be directly
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computed via the inner product, instead of having to solve the large system of linear equations
produced by IBPs and similar relations. This approach is studied by intersection theory [211, 222,
223].

An explicit application of this procedure of reduction to master integrals is shown in appendix
C.5.1.

B Symmetry relations

The first set of identities which relate integrals in the same integral family can be obtained by
changing the integration variables, i.e. performing a redefinition of the the loop momenta, in a way
that doesn’t modify the result of the integration [205, 224].

This may be accomplished by looking for a transformation of the loop momenta which has a trivial
Jacobian, but which modifies the integrand in such a way to relate two different integrals belonging
to the same family; for example such a transformation may be given by the shift of some loop
momenta by some external momenta.

The identities so obtained may either map two different topologies into each other, decreasing the
number of independent topologies; or else may map a topology into itself, thereby yielding relations
between integrals in that topology [205, 224].

B Integration-by-parts identities

The integration-by-parts identities, first introduced in [45, 46], relate scalar Feynman integrals
of the same family, as defined in formula (2.28b), which differ by values of the powers of the
denominators (aij,...,am ;) [211].

They are based on the fact that, while working in dimensional regularization, the integral of a total
derivative vanishes [211]:

L ddkr b . 1 B B
/rl_[l <(27r)d> ok" (w ({k})D?l({k}) - D%{”({kz})) =0 (s=1,...,L), (2.30)

which is a consequence of the generalized Stokes’ theorem if we assume the quantity inside brackets
to vanish sufficiently fast on the boundary of the integration domain, otherwise it follows from the
assumption of translation invariance of integrals in dimensional regularization [211]. We may then
take this generic vector to be any linear combination of loop and external momenta, so

L E
wh = Zajk;” + Z bip} (2.31)
j=1 j=1
k‘”
and by employing Leibniz rule on equation (2.30), noticing that ak# = 6105 = ddjs, we obtain for

s=1,...,L:

/H (ddk > DY ({k}) - 1 - Dy ({k})

-/ 13 ({ame) w495 (Beowa)

We can see these equations provide a set of relations between scalar Feynman integrals belonging
to the same family, i.e. of the same form of (2.28b), up to different powers of the denominators:

(2.32)
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in fact the action of the derivative on the right hand side of formula (2.32) is to create a series of
terms, each with different powers of the denominators and possibily with scalar products at the
numerator. Nonetheless the numerator can be rewritten as a sum over scalar Feynman integrand
of the kind (2.28b) using the same method outlined in section 2.2.3. This means that if we start
with a complete basis of denominators, the integration-by-parts identities provide a set of relations
between scalar Feynman integrals belonging to the same integral family: even thought this means
that they cannot lower the number of loop integration [224, 225], these identities let us reduce the
initial set of scalar integrals into a smaller one, the set of the master integrals. This procedure
may be implemented through Laporta algorithm [47], and it’s been widely used in multi-loop
calculations, for example in works like [226, 227].

B Lorentz invariance identities

Similarly to integration-by-parts identities, one can obtain relations between scalar Feynman inte-
grals by noticing that such integrals are Lorentz scalars (or invariant under d-dimensional rotations
if we’re in an Euclidean metric) which are invariant under Lorentz transformations (or d-dimensional
rotations) of the external momenta {p;} [54].

To derive the Lorentz invariance identities, one may consider an infinitesimal Lorentz transforma-
tion acting on the external momenta

P = () =P+ piy (2.33)

with w*” = —w"# under which, as pointed out, the scalar integrals (2.28b) must be invariant:
expanding at linear order one then obtains

I(p1,....pE) = Iy, 0E) = 1(p1,- - PE)

(2.34)

E
0
- HZ“’W%W I(p1,....pe) .
q=1 e

Since the last equality must hold for any generic infinitesimal Lorentz transformation w*” we obtain

the relation <§ f: lpqvl’ia;?“) I = 0, which, once contracted with all the possible antisymmetric
q
"

combinations of p; py, yields the Lorentz invariance identities (LI):

E
) 9 9
#'rh) Y <pq,uap/; —pq,uapy> I(p1,...,pE) =0. (2.35)
q

q=1

Once again the presence of the derivative will generate relations between elements of the same
integral family, with different powers of the denominators [205]. Let us also notice that in principle
any Lorentz invariance identity can be expressed as a linear combination of integration-by-parts
identities [228].

2.2.5 Master integrals evaluation

The last step in the evaluation of a diagram, once we have reduced it to a linear combination of
master integrals, is given by the explicit evaluation of such master integrals.

This can be accomplished either by the direct evaluation of the associated integrals, in which case
some useful parametrization, which will be presented in section 2.2.5, may be useful; or otherwise
by employing the methods of differential equations or difference equations [48, 49, 205].

The master integrals needed for the work carried out in this thesis have been explicitly derived in
appendix C; furthermore an application of the method of differential equations is shown in appendix
C.5.2.
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B Method of differential equations

The method of differential equations, first presented in [50-54], allows us to evaluate master integrals
without requiring their direct integration: such a method rests on the fact that a given master
integrals depends on external momenta {pi,...,pgr} and possibly on other external quantities,
such as masses of the particles running in the loop; we may then differentiate the master integral
with respect such external quantities, obtaining in general a sum over a series of terms in which
some denominator gets raised to a higher power, and a new numerator is created.

We can then build upon the method previously presented: we can apply the methods presented in
section 2.2.4 to reduce such an expression to a linear combination of scalar integrals, and employ the
identities therein introduced to reduce the scalar integrals to the minimal set of master integral.
In the end, considering eventually all the master integrals belonging to a given topology, and
differentiating with respect to all the kinematic quantities at our disposal, we’ll obtain a coupled
system of differential equations, whose solution will give the explicit expression of the master
integrals we were looking for [55].

Let us notice that to uniquely solve such a system of differential equations one must impose the
right boundary conditions: this for example may be done by imposing that the resulting master
integrals have the correct analytical behavior at some known kinematic point [55]. In general it
may not be possible to exactly solve the system of differential equations; but in most cases one can
work around this issue by expanding around the needed space(-time) dimension d, e.g. d =3 + ¢
with € < 1, and solving the differential equations in a perturbative manner [56, 211].

B Useful parametrizations for direct integration

To solve some integrals appearing in multi-loop calculations sometimes it may be useful to rewrite
some terms in a different (integral) representations; below we outline two such tricks that will be
used.

Feynman parameters

One may rewrite the product of two denominators by introducing auxiliary variables, known as
Feynman parameters, using the identity [190]:

1 1
1
[ x| dysrty-1)— 2.36
AB / (wA+(1—2)B)’ /0 x/o vty =) B (2:36)

which can be generalized by taking derivatives of the previous formula with respect to A or B;
obtaining:

(2.37)

1 I'(m+4n) [! 2™ (1 — )l
AmBr ~ T(m)[(n) /0 d“’”(

A+ (1—z)B)"™’
where we introduced the gamma function (B.1), see also appendix B.

The Feynman parameters are particularly useful when we’re dealing with a denominator which is
a function of the integration variable, but shifted by another vector, as they let us transform the
denominator in a more manageable form; for example, working with spatial components:

/ d%k 1 / / ddk 1
(2m)? k|2 |k — p|? d(]k — 2p|2 + z(1 — z)[p|?)?

/d /ddk’ 1
! (K2 + A)?

, (2.38)
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where we recognized A = |k — p|? = |k|> + |p|> — 2k - p and B = [k|?, so (A — B) + B =
z(|p|? — 2k - p) + |k|? = |k — 2p|? + z|p|? — 22|p|?, and where we performed the change of variables
k’ = k — zp, which is just a shift and therefore doesn’t modify the integration measure, and where
finally we denoted A = x(1 — z)|p|?.

Schwinger parameters

The Schwinger parametrization is similar to the previous one, but it is instead used to convert
a multiplication of denominators into a sum inside an exponential. In fact, let us consider the
following integral, with A € R*:

+oo 1 +oo F( )
dttm~te=At = / duu™ e = ——2 (2.39)
/0 A™ Jo Am

=I'(m)

where we performed the change of variables u = At, and we recalled the definition of the gamma
function (B.1). From the formula just obtained follow also the needed relations, for example:

1 +oo
1 :/0 dz e A® (2.40a)
1 1 +oo
— = dx am e A" 2.40b
Am ~ T(m) /0 v e (2.40b)
1 . 1 /+OO d m—1 /+OO d n—1 —(ACB-’-By) (2 40C)
AnBr - T(m)Tm) Sy Sy Y ' |
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EFFECTIVE FIELD THEORY FOR
THE INSPIRAL OF A COMPACT
BINARY SYSTEM

In this chapter we’ll present how the effective and quantum field theory frameworks we summarized
in chapter 2 can be used to build an effective theory which describes the inspiral of a compact binary
system, more specifically the post-Newtonian corrections to the binary dynamics.

This approach, first employed in [42], was clearly framed in the seminal paper [43] (see [38, 192,
213, 229] for reviews), which built upon effective field theories built to tackle non relativistic bound
states in QED and QCD [230, 231], such as heavy quark effective theory, HQET [232-234]. Since
then this method has proven to be really efficient when combined with multi-loop quantum field

Full theory (general relativity + compact objects + ...)
,S‘/(,/[{vl',/:}“z/,,,,' ‘_’A\',./.d[.r\/ g <I:’ _‘12]'/']'/,) “Z“:lm,, ./ltlfT(, \/sﬁg/,,,,(.l'(,)((li:j “llj’:'/ b

Integrate out gravitational d.o.f.

giSersllat}) / Dy €Stot et 10u0]

LA
N\
Effective action (post-Newtonian corrections)

) ' 1 2 1 2 >
Serrl{zh}] = /11/ L= /(l/ (.) mivi 4 5 mavz + G mms )
. . 2 2 r

Physical observables (gravitational waveform)

AWM

A J

FiGure 3.1 Schematic idea behind the construction of an effective theory for the inspiral of a compact
binary system: while the binary dynamics are prescribed by the full theory, given by general relativity
coupled to the compact objects, we would like to work in a simpler effective theory in which we only have
to deal with the positions of the two compact objects. Then it’s possible, under certain assumptions, to
integrate out the nuisance gravitational degrees of freedom in order to obtain the post-Newtonian corrections
to the dynamics of the compact binary system. Then in this effective theory, which still formally encodes all
the details of the full starting theory (restricting to the inspiral phase, and up to non-perturbative effects),
we can evaluate more easily the observables for the system, such as the gravitational waveform: this will be
the focus of chapter 6.

29
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theory techniques, allowing for a steady advancement in the post-Newtonian calculations, especially
in the conservative sector: the 1PN was computed already in reference [43], the 2PN in [235], the
3PN in [57], the 4PN in [44, 58], the 5PN in [59, 64, 65], and partial results have been obtained at
6PN [77, 78]. Furthermore this formalism is well suited to incorporate also corrections due to spin
[79-82] and finite size effects [83, 84].

The basic idea at the basis of this approach is outlined in figure 3.1: in particular the post-
Newtonian assumptions of weak field and slow velocities GTm ~ v? < 1 imply that the size of each
compact object is much smaller than the orbital separation between the two bodies, which in turn
is much smaller than the wavelength of the emitted gravitational waves. This allows to clearly
single out three spatial regions, and to build a different effective theory for each of them: this let
us deal with fewer degrees of freedom at a time, greatly simplifying the treatment of the two-body
problem, both from a conceptual and a computational point of view. Furthermore the fact that
we’re working in a quantum field theory framework let us exploit the modern multi-loop evaluation
techniques, which we introduced in section 2.2; yet remarkably the results that we will obtain will
be fully classical. On top of this, other advantages of the effective field theory approach is that
it allows for a systematic treatment of the spins and the finite size effects of the compact objects;
and it may also be possible to obtain predictions in modified gravity theories, as any modification
at the level of the original action will be connected to the change in physical observables.

In this chapter we’ll adopt A = ¢ = 1 units and we’ll often work in d spatial dimension to employ
dimensional regularization, sending d — 3 only at the end of the calculations; see Notation for
further details. In section 3.1 we’ll introduce a toy model to present some key concepts; in section
3.2 we’ll introduce the actual effective theory for compact binary systems; finally in section 3.3
we’ll use these framework to compute the Newtonian potential.

3.1 | Scalar gravity toy model

To better understand some key points presented in chapter 2, which will be used to construct the
effective theory for a binary system, we’ll first start working with a simpler toy model, following
reference [192] (see also [205, 225, 236] for further discussions). In particular we’ll explicitly present
the procedure of integrating out fields, showing how it yields an effective action, and then how this
result may be accomplished in a perturbative way using a diagrammatic approach.

The building blocks of this toy model, which may be called scalar gravity, are:
e the 3+1 space-time, which is assumed to be exactly Minkowski flat, g, = 1u.;
e a non self-interacting massless real scalar field ¢(x);
e n point particles, with worldlines z5(\), a = 1,...,n;

e 2 linear interaction term between the scalar field ¢ and the point particles.

The action of this toy model, as in [192], therefore is:
1 - ¢(xa(7a))
K = 4 — H —
S, 2] /d T (28,@8 ¢>> ;::1 ma/dTa (1 + > amm ) (3.1)

with dr, = /1, da# dzv the proper time along the a-th particle worldline [236].
In the following we’ll take n = 2 point particles to obtain the case of a binary system.

To obtain the dynamics of the system one needs to integrate out the scalar field ¢, which represents
the gravitational degree of freedom, to obtain an effective action S ¢ ¢[x,] which is a functional of the
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worldlines {z,} only. As we have seen in the previous section 2.1, in the path integral formulation
of quantum field theory this is given by:

oiSesslaal _ / D¢ ¢iSloaal | (3.2)

Actually in this simplified model the path integral evaluation (3.2) can be carried out analytically
[192], by noticing that the action (3.1) can be rewritten as

Sto.at) = [[ate | 2o,00% - Z [ i ot ) —anl [amm.

= ()

—/d4x< 8,00 é + J(x) ) Z/drama

where we defined

n

)= — o W (@ — 24 (7, .
J(@) Zwmpl/d““ (7)) (3.4

as an appropriate source function. Therefore equation (3.2) reduces to:

Sefflral = —iln (/D¢> eis[%]) = f:l/dfa ma —iln (Z[J(2)]) , (3.5)

= / D¢ exp (z / d*z (;ama%jt J(x)qs(x))) (3.6)

the partition function of a massless scalar field linearly coupled to an external source J(z).

with

The analytic expression of the partition function is exactly known, as it is a gaussian integral in
quantum field theory [190, 191]:

= [ e (i [ ats (Lo,0000 + 1100

) (3.7)
—exp (3 [ atedly s@)Gata - 0T )
which is normalized such that Z[0] = 1, and with
d*k i :
G . _ —ik(z—y) 3.8
2(# =) / (2m)* k2 + Jet (3.8)

the two-point correlation function of the free theory, where k? = ,,k*k”. Notice that this is
related to the Feynman propagator Ap(x — y) by Ga(x — y) = iAp(z — y).
3.1.1 Evaluation via the diagrammatic approach

As opposed to what we’ve just obtained, in the more complex NRGR case, it won’t be possible
to evaluate the result of path integral in a closed-form; instead it will be necessary to resort to
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a perturbative expansion. Therefore, to get a grasp of the whole procedure, we’ll compute the
effective action (3.5) via the diagrammatic approach, as described in section 2.1.

We may apply these concepts to evaluate the (second term) of the effective action (3.5). The
Feynman rules in momentum space for the field ¢ to be integrated out can be obtained from the
action as re-written in equation (3.3):

= 7 (3.9)

k =3 / d*z J(z)eh = / dr, etkwa(ra) 3.10
T Z 2\[mPl ( )

To draw all the relevant Feynman diagrams, we can notice that the linear coupling J¢, in equation
(3.10), gives a free point for one end of the scalar propagator (3.9) to attach to. Therefore, to
obtain the expression of the partition function, we have to draw an even number 2m of couplings
to the source, and connect them with m scalar propagators in all possible ways, taking care of
symmetry factors.

Still it’s important to notice that, due to the fact that the source are static, they do not propagate
in the Feynman diagrams [213]; therefore we could strip away the thick lines altogether. So we
have that, fixed the order of Feynman diagram with m scalar propagators, all the possible ways
(Q(?nm), combinatorial factor) to connect the 2m identical sources, lead to the same result: this is
represented by a diagram in which all scalar propagator are parallel, and the worldlines of the
sources are joined one by another (even thought we stress that there is no source propagator). The
symmetry factor of a diagram with m scalar propagators is given by the inverse of the number of

permutations of the sources, so @)

1
2m)!*
So for example, the diagram with a single scalar propagator (m = 1) is given by, noticing that we
have to flip the sign of the momenta in the J(y) source Feynman rule:

= <2'>(21,> < /d%J( Je~ ) <k2_iH > <z'/d4yj(y)e+“fy> (3.11)
:_/d4 /d4yj k2+26 =) 1 (y) |

Summing instead all diagrams with m scalar propagators, we get:

M, (k)

M ({k;})

k;1¢ i o (m=2) ... i ¢k;m

(550 () TLC f ) () (¢ f e

BREEE » NG FTRY L)
_m]-:[< /dmdyJ( )k]2+iee J Jy) | -

(3.12)



Section 3.1 — Scalar gravity toy model 63

After integrating over all the free momenta k; via H f Qﬂ J.. we can notice that the sum of all

diagrams obtained with these procedure gives the exact result (3.7) for the partition function. To
see this, notice that at a given order m

ST )ttt = 5 ([ gsanm) (313)

holds, and therefore we have that the sum of all diagrams, with free momenta integrated over:

Mo =
- (L)
S ([ame)’

where in the last lines we recalled the relations (3.11), (3.8) and (3.7).

From these relations we can also check that the logarithm of the partition function is actually
given by the sum over connected diagrams only: in our case the only connected diagram is the one
with two sources, J(x) and J(y), connected by a single (m = 1) propagator Ap(x — y); this single
diagram is M; (3.11). This is what we were expecting from (3.14), as it holds

4 I
In(Z[J]) = / (;I;Ml(k) - 3 . (3.15)

The logarithm of the partition function is related to the effective action of the theory, and the notion
that the diagrams contributing to the effective action are only the ones which remain connected
after we strip away the thick worldlines, holds true also in the more complex NRGR case [192].

We can finally obtain the expression we were interested in for the effective gravitational action after
having integrated the ¢ field out. From (3.5) we obtain:

Supflza] = Z/dfa e — il (Z[J(2)])
4
= —Z/dra Mg —i/(g?Tl;Ml(k) (3.16)
a=1

.y L[ qipaty O L ik
= ;/drama 2/dazdy(2ﬂ_)4J(x)k2+i€e J(y) .
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Recalling the definition of the source J(z) from (3.4), we obtain:

7&

S [x ] B _Z/d _— a mamb/d d d4]{j ]. 6_1k(xa(7'a) xb(Tb))
effltal = Ta Ma Ta Tb( )4k2+ze

(3.17)

- Z / dra ma + & Z o [ dradm Gt~ i)

where we have neglected the a = b unphysical case [192]. This unphysical case eventually will not
be of concern in the real theory, as it will generally result in vanishing scaleless integrals.

This analysis could have been performed also including higher order operators, as in [236], such
as Ap @™ higher order interactions, which would have made unavoidable the need of perturbation
theory, and so of the diagrammatic approach hitherto shown.

3.2 | Effective theory for a compact binary system

We’ll now apply what we’ve seen so far to construct the effective theory for a compact binary
system. In particular let us point out that we’ll employ a somewhat different notation for the
conservative diagrams with respect to what is usually used in the literature; furthermore also the
approach we adopt to the radiation effective theory is slightly different.

3.2.1 Key ideas and outline of the construction procedure of the effective theory
B Worldlines as non-dynamical degrees of freedom

The first point that must be addressed in order to correctly construct the effective field theory for a
compact binary system which correctly yields the post-Newtonian corrections, is to notice that the
evolution of the system is dictated by the interaction of each compact object with the gravitational
field, which, simplifying the setup, mediates the gravitational force and dissipate energy and angular
momentum via the emission of gravitational waves.

In particular, adopting a quantum field theory approach, we can think of all of this as taking place
via the constant interaction of each compact objects with a huge number of gravitons, which are the
quantized particles associated to the gravitational field. Nonetheless, as pointed out by reference
[43], these gravitons have a momentum of order the inverse orbital separation or less, k| < %;
whereas the compact objects, even if assumed to be non relativistic, have a momentum |p| ~ muv.
This means that when each graviton interacts with a compact object, it induces a fractional recoil

of order % ~ fwiv = % < 1, where L = mur is the modulus of the classical orbital angular

momentum associated to the compact object. In particular, using the virial theorem v? ~ GTm QR; ,
2 _

so L ~ m—R“ already for a neutron star of m ~ Mg, we can estimate ? ~1.7-1077 (MﬂQ) (oﬁc) '

We may then assume that each compact objects is practically undisturbed by the interaction with
each graviton, and therefore, for what concerns the latter, we can treat the positions of the compact
objects (denoted as worldlines {x4}) as non-dynamical, background, degrees of freedom; with which
the dynamical gravitational degrees of freedom interact.

This means that there will be no propagator associated to the worldlines, similarly to the static
sources J(x) we encountered in the toy model of section 3.1, and instead the degrees of freedom
that we’ll have to integrate out will be the ones associated to the gravitational field. This remark,
pointed out by reference [43], is the one which allows to correctly construct the EFT; it builds upon
the similar treatment employed in the heavy quark effective theory [232-234].
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o
A
R < r < A
FIGURE 3.2 Figure depicting the separation of scales which is present in the non-relativistic two

body problem. From the left to the right we first have the internal zone, with characteristic length the
Schwarzschild radius R, then the near zone, with characteristic length the orbital separation r, and finally
the far zone, in which the typical length is given by the wavelength A of the gravitational waves produced by
the compact binary. Let us point out that this figure is meant only to illustrate this feature of the problem
at hand, for example in reality we require the separation of these scales to be larger than what it has been
depicted above.

Furthermore the huge number of gravitons involved assures us that this quantum-mechanical view-
point in practice will be equivalent to the classical description, since quantum corrections will be
subleading.

B Separation of scales

Another key point which is exploited to construct the effective theory for a binary system is the
separation of scales which is present in the non-relativistic two body problem, for gravitationally
bound systems. In fact the dynamics of a binary system can be divided into [213, 237]:

e The internal zone, which has a length scale comparable to the size of each body; for the
compact bodies we're considering therefore it can be estimated by their Schwarzschild radius
Ry = 2G'm, see section 1.2.2. This is the scale which finite size effects extend over, as could be
the spin of each body, or their deviations from spherical symmetry due to tidal deformations.

e The near zone, or potential zone, where the orbital dynamics play out; the length scale for
example is given by the relative separation r between the bodies.

e The far zone, or radiation zone, which is the characteristic scale associated to gravitational
waves propagation, and is given by their wavelength ).

In particular under our assumptions of small velocities, v? < 1, and assuming comparable masses

mi1 ~ meo ~ m, recalling section 1.6.1 we find that r ~ G,U—;” ~ % > R, while as seen in section
1.4.2 we also expect A ~ = > r. Then we see that under the condition of small velocities < 1a

hierarchy of scales becomes evident:
R <r <\, (3.18)

as depicted also in figure 3.2.

Let us point out that this separation of scales is used more or less implicitly also in other different
approaches to the post-Newtonian theory, e.g. when matching post-Newtonian and multipolar-
post-Minkowskian solutions in an intermediate buffer zone between the near and the far zone [36].
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B Tower of effective field theories

The separation of scales just presented above suggests the
introduction of a tower of effective field theories, so one ef-
fective theory for each region, each specifically tailored to
capture the dynamics of the relevant degrees of freedom
therein [43, 192, 213, 238]. We can then match the several
effective theories so introduced at the boundaries of their re-
gions: in this way the details of the innermost regions, such
as the internal dynamics of each compact object and their
orbital evolution, will affect also the observables which are
evaluated in the outermost region, such as the gravitational
waveform seen by a far away observer.

In practice this procedure is (ideally) implemented by start-
ing from the fundamental theory, such as general relativity
coupled to the compact objects, and progressively integrat-
ing out the high-energy (so short distance) degrees of free-
dom as discussed in section 2.1.2, until we obtain an ef-
fective action which depends only on the positions of the
compact objects; this is also sketched in figure 3.3. The
procedure that we’ll have to follow then is, denoting with
El = \Tl<| the length scale at which we’re progressively prob-
ing the system:

1. Introduce the fundamental theory; in particular the
one which describes also the dynamics in the internal
zone, so for the degrees of freedom with wavelength
k~' < R,. In practice considering all the details of
each compact objects is both too complicated and
not even necessary for the precision we’re aiming for.
Therefore in section 3.2.2 we’ll actually introduce an
effective theory, known as Worldline Effective The-
ory, in a bottom-up approach, resorting to symmetry
arguments: this theory will actually provide a coarse
grained description of the internal dynamics at the
level k=1 ~ R,, so in practice will be useful to de-
scribe how the internal zone interacts with the near
and the far zone [213, 238].

2. Integrate out the internal zone degrees of freedom,
so the modes with wavelength k~! < R, to obtain
an effective theory which describes the dynamics in
the internal zone, so of the degrees of freedom with
k~' ~ r. In practice this will be accomplished by
considering one distinct worldline effective theory for
each compact object.

Internal zone EFT
Relevant dofs: single
compact objects d.o.f.

Integrate out d.o.f.
with k=1 < R,

Near zone/potential EFT
Relevant d.o.f.: potential
gravitons, which mediate
conservative interactions,
so the gravitational force
between the two bodies

Integrate out d.o.f.
with k=1 < r
Far zone EFT
Relevant d.o.f.: radiation
gravitons, which repre-
sent gravitational waves

Integrate out any
dynamical d.o.f. left

FEffective action Sy
for the worldlines (positions
of compact bodies) only

Ficure 3.3 A diagram outlining
the key steps in the construction of
the effective theory for a binary sys-
tem. In particular we have to start
from the shortest distances, and inte-
grate out the relevant degrees of free-
dom (d.o.f.) in each intermediate effec-
tive theory until we obtain an effective
action Sc¢f, which is a function of the
position of the compact objects {z#}
only. Let us point out that at higher
PN order the distinction between con-
servative (potential gravitons) and dis-
sipative (radiation gravitons) contribu-
tions isn’t as simple as presented due
to hereditary effects.

3. Integrate out the near zone degrees of freedom, so the modes with wavelength k~! < 7, to
obtain an effective theory which describes the dynamics in the far zone, so of the degrees of
freedom with k= ~ \. This will be accomplished by integrating out the potential modes of
the gravitational field, and the needed setup will be developed in section 3.2.3.

4. Integrate out all of the remaining degrees of freedom, to obtain an effective theory, i.e. an
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effective action S,y r[{zf}], which depends only on the positions {z4} of the compact objects
(their worldlines): the coefficients of the post-Newtonian corrections therein will implicitly
encode the corrections due to the full gravitational interactions, so due to general relativity,
that we integrated out. In practice this step will be accomplished by integrating out also
the remaining radiation modes of the gravitational field, as will be explained in section 3.2.4;
nonetheless, before integrating out these d.o.f., we can evaluate also observables in the far
zone, such as the gravitational waveform, as will be presented in section 3.2.5.

In particular, at higher PN order, we expect to also have renormalization group flow for certain
observables as we probe them at different length (so energy) scales; which we have to evolve between
the several matching procedures [43, 84, 192, 213].

3.2.2 Worldline effective theory

In this initial stage we consider the dynamics of a single compact body coupled to general relativity.
Therefore the complete dynamics are governed by the Einstein-Hilbert action Sggy and possibly
also by the action Sj; for the matter fields, which may be the matter that make up a neutron star;
these actions are respectively given by formulae (1.1) and (1.2).

We’re now interested in finding the effective field theory which describes the dynamics of the
gravitational field g,, on scales larger than the Schwarzschild radius R,; therefore the degrees of
freedom to integrate out are the ones which reside inside the internal zone, so with k~! S Rs. To
single them out we may separate the metric g,, as

(5) (L)

where g,/ are the short distance modes, i.e. with k~' < R,, and g/ the complementary long
distance modes. In this way the degrees of freedom to integrate out in this first step are the short

modes of the gravitational field gl(us,) and the matter fields [213].

This step ideally would be accomplished by integrating out the relevant degrees of freedom from
the detailed UV description of the dynamics of each body, e.g. of the black holes or the neutron
stars, in a top-down approach: nonetheless this description of any realistic compact body is in
general extremely complicated and still not exactly known; for example the action for the matter
fields may be interpreted as the one which describes all the particles which constitutes the compact
body and their interactions. In practice therefore we have to resort to a bottom-up approach to
build this effective field theory, denoted as worldline effective theory [43, 213]: we parametrize our
ignorance about the internal dynamics of the compact objects by approximating them as point
particles plus a series of higher order operators [213].

To do this methodically we have to proceed as presented in section 2.1.3: we start by noticing that
after integrating out the modes with k~! < Rj, the remaining low energy degrees of freedom, which
are explicit in this effective theory, are given by [38, 192, 197, 213]:

1. the long wavelength modes of the gravitational field, so by g,%);

2. by the particle worldline coordinate z* (), which is a function of the arbitrary affine parameter
o, and may be interpreted as parametrizing the position of the center of mass of the compact
object;

3. by an orthonormal frame e#(o) localized on the particle worldline, which described the ori-
entation of the compact bodies and also its possibly non vanishing spin.

Actually neutron stars may contain additional low frequency modes which should be kept in the
construction of this effective field theory, see [192]. Furthermore in this work we’ll neglect the
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spin of the compact objects (whose corrections first contribute at 1.5PN order) even though it is
phenomenologically relevant and hence should be considered, see references [38, 80, 81, 182, 213,
229, 239-241] for more details about its treatment.

As already discussed, now we have to recognize the symmetries of the systems, which constraint
the ways the previous degrees of freedom may couple, thereby reducing the number of operators
we have to consider in the effective Lagrangian. The symmetries of the system we’re considering
are given by [192]:

1. diffeomorphism invariance for z* — z'*(z);
2. worldline reparametrization invariance, o — o’(c).

To simplify calculations we’ll make the additional assumption that the compact object is perfectly
spherical, i.e. that it doesn’t have any permanent moments relative to its own rest frame when in
isolation [192, 213]. Therefore we have an additional symmetry given by [192]:

3. SO(3) invariance.

The assumptions we've made so far therefore imply that the worldline effective theory we’re con-
structing we’ll be adequate to describe non-spinning, spherically symmetric black holes, that is,
Schwarzschild black holes interacting with the external gravitational field [192].

To construct an effective Lagrangian that is compatible with the aforementioned symmetry, we can

notice that diffeomorphism invariance can be satisfied by simply constructing scalars from g, and

12 . . . . . . .
%, while to ensure invariance under worldline reparametrization we may simply use the proper

time variable

dr? = g (z(0))datda" (3.20)
which is an observable, physical, quantity, and hence must be invariant [192, 242].

Then the effective action will finally be given by [192, 213]:

Set fuwortdiine|2", 9\5)] = SenlglE)] + Spplzt, g (3.21)

where Sgpr [gl(f,)] is the usual Einstein-Hilbert action (1.1), but restricted to long wavelengths only,

while
Splat, gi5] = SEP [, g L)) + SSED [t g1 (3.22)

is the so called point particle action, which contains both the usual, leading order, point particle

term S]gp); but also all other higher order local operators allowed by symmetries in the expression
5’1555), which encodes finite size effects, such as the tidal deformability of the compact body due to

the interaction with the non-homogeneous external gravitational field (eventually produced by the
other compact object). Below we’ll briefly outline both of these terms.

Furthermore, leveraging the separation of scales and the effective field theory approach, it’s possible
to take into account also additional phenomena, like the absorption of gravitational waves by the
horizons of the black holes, which affects their masses and spins. In particular it’s possible to more
easily evaluate the cross section of such processes for isolated black holes, evaluating so the relevant
Wilson coefficients of the effective theory, which can then be translated to the two body problem
[43, 243].
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B Point particle term

The simplest coupling between the worldline z#(o) and the long modes of the gravitational field

(L)

g/ 1s given by the point particle action:
STt gl = —m / dr

. (3.23)
—m | dadd+1x\/ () () 92 427 sa40) i _ )

do do

In particular this action describes the motion of a test point particle of mass m, with coordinates
xH(0), along the geodesics given by the background metric gL,L,), and therefore this action neglects
the back reaction which the point particle exert on the spacetime itself [192, 197, 213].

B Finite size effects and higher order operators

This expression contains all the others operators allowed by symmetries: in particular the first
higher orders operators which encode finite size effects are given by [43, 206, 213]:

SFS :CR/dTR(L) —|—CV/dTR(L d ( )dac ( )
pp dT dr
(3.24)
+/dT (QF (2(7)) B (2(7)) + Q% (2(7)) Bu (2(7))) - ..,
where it is understood for example [ drR(z = [dod*z R(x) \/ g () 42 42 5@+ (z1 — 21(0)),

and the R (x), R,(fy) (x) are respectlvely the Ricci scalar and tensor, which have been defined
in the Notation, but built using g,(“L,). Similarly Q p) are the symmetric trace-free quadrupole
moments of the compact object, and, introduced the Weyl tensor C, s, we have that E,, =
Crpvo F (1) 2 (7) is the electric part of the Weyl tensor, while By, = e,p01 CP% %(T) 4z ()
is the magnetic part of the Weyl tensor [206, 213].

Actually the operators linear in the curvature, presented in the first line of formula (3.24), are
redundant and do not contribute to the dynamics of the system: the cp and ¢y coefficients can be
set to zero as as a consequence of Birkhoff’s theorem, and also because they vanish by lower-order
equation of motion, and so they may be redefined to be vanishing [43, 213].

Instead higher order operators encode information about finite size effects and absorption phenom-
ena [43, 197, 206, 213, 242], for example they encode information about the Love number of the
compact objects, which is vanishing for black holes but not for neutron stars: this implies also
that from the observation of gravitational waves we can study the equation of state and the tidal
deformability of the compact objects. About this point we can also recall the discussion oultined
in section 1.6.1: due to the effacement principle, neglecting spin-induced tidal deformability, we
actually expect such higher order operators, encoding finite size effects, to first contribute only
form the 5PN order onward.

Then we find once again that, up to this really high perturbative order, the internal structure of
each compact object isn’t observable: therefore in the following it will suffice to model them using
just the point particle term (3.23) [43, 206, 213].

3.2.3 Near zone potential effective theory

The next step is the construction of the effective field theory which describes the dynamics of the
near zone, i.e. at scale of the binary orbital separation r, hence the goal is to integrate out all
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degrees of freedom with modes shorter than k= < r. At the orbital scale then these high energy
degrees of freedom are:

(L)

1. what we denoted as long wavelengths mode of the gravitational field g, in the previous
section 3.2.2, so the modes of the gravitational fields with characteristic length k=1 > R,;

2. two worldlines degrees of freedom z with a = 1,2, which encode the coarse-grained behavior
of the two compact objects which compose the binary system; let us stress again nonetheless
that this degrees of freedom are not dynamical.

The action which governs the dynamics of these degrees of freedom follows from (3.21), in particular
we’ll have the Einstein-Hilbert action Sgp for the gravitational field, and one point particle action
Spp, given by equation (3.22), for each worldline degree of freedom which appears in our effective
field theory.

As previously pointed out, in this high-energy action we keep only the leading term in the point-
particle action, given by (3.23), so Spp = S]Sfp). Furthermore we recall from section 2.2 that we’ll
be employing dimensional regularization to make sense of divergent quantities, so we’re working
in d + 1 dimensions, with d — 3 spatial dimension. This implies a change of the mass dimension
of the coupling constants, which we factor out as usual by introducing the renormalization scale

u, which can also be interpreted as the inverse of an arbitrary length scale lp, so p ~ lil In
particular, for what concerns the gravitational action, the coupling constant mp; = (327rG)7% i
the Einstein-Hilbert 1.1 action becomes [36, 62, 80, 183]

d—3
A=mppu 2 | (3.25)
in such a way to obtain mass dimensions of [mp;] = 1 and [A] = %5%; let us point out that different
normalization are also used in the literature [80, 81, 83, 84]. Hence the Einstein-Hilbert action, in
dimensional regularization, now reads

Spg = —2A2/dd+1x\/—gR : (3.26)

Additionally we have to take care of the gauge redundancy which general relativity enjoys due to
its diffeomorphism invariance: hence, to remove the associated spurious degrees of freedom, we’ll
fix the harmonic gauge, whose condition is given by (1.113). In particular this can be accomplished
by adding the harmonic gauge fixing term [38, 80, 205, 206, 225, 229, 235]

Sap = A? / A"z /=g g, THTY (3.27)
to the Einstein-Hilbert action, where [206, 229, 244]
1
=Tk, g*? = _ﬁay (vV—=99"") (3.28)
and I 5 is the Christoffel symbol, defined in Notation; in such a way the harmonic gauge condition
(1.113) reads I'* = 0 [205]. The choice of the harmonic gauge is especially useful since it introduces

into the definition of our coordinate system a preferred Minkowskian structure, hence being well
suited the post-Newtonian approximation [183].

Finally we can read off the full form of the action which governs the dynamics of the high energy
degrees of freedom of the near zone, so at binary scale:

Snearuv{zh}, 055 = Seulelt)] + Sarld; ZS Pk, g L)) . (3.29)
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Our goal now is to obtain the effective action Syeqrrr Which governs the dynamics of the lower
energy degrees of freedom, i.e. those which have modes with wavelength k~! > r larger than the
orbital scale; hence to do so we’ll have to integrate out the high energy modes of the gravitational

field g\ with Ry < k= < r.

B Kaluza-Klein decomposition of the metric via Kol-Smolkin variables

The operation of integrating out these modes of the gravitational field g,(“L,) actually entails working
with the specific components of the metric tensor: in fact the physical setup of a non relativistic
binary naturally singles out the preferred coordinate frame in which the velocities of the system
are small, and actually we’re implicitly choosing such a frame for our computations. One of the
consequences is that for example, in the point-particle action S}(,fp), the gravitational field couples
to the worldline in a non-homogeneous way, and in particular the spatial components of the metric

are suppressed in powers of v < 1 with respect to the leading time component ggg of the metric.

We may actually exploit this fact at our advantage by performing a temporal Kaluza-Klein decom-
position of the metric, by employing the Kol-Smolkin variables [245-248]; that is, we’ll parametrize
the metric in such a way that each of these variables will scale homogeneously in the expansion
parameter of our theory, kind of singling out the goo, go; and g;; metric components; let us also no-
tice that this parametrization resembles the Arnowitt-Deser-Misner (ADM) formalism [177]. These
Kol-Smolkin variables, also known as Non-Relativistic Gravity (NRG) fields, are ¢(x), A;(x) and
G4j(x); using them we can parametrize the components of the long wavelengths modes of the metric

(L)

g’ () in d-dimension as [57]:

a1 -3 Oij
gL€>=€2A< B WA e ) % =0t (3:30)
b Wl o et caX s
with
(d—1) a—3
=2 —= 4. 3.31
a=2y (3.31)

Let us notice that we already normalized the Kol-Smolkin fields to the renormalized Planck mass
A defined in equation (3.25), in order to recover the canonical mass dimension for the fields.
Furthermore if the Kol-Smolkin fields are vanishing, i.e. b =A; = = 04; = 0, we get back the flat
metric g, — 7, = diag (+, —, —, —), as one would have desired. This also means that in our weak
field regime assumption, so g, = N + by with |hy,| < 1, also the Kol-Smolkin field will assume
small values.

From now on then we’ll trade the long wavelength modes of the gravitational field gff,) (x) for the

Kol-Smolkin fields ¢(z), A;(x) and 6;j(x), which will therefore be the degrees of freedom related
to the gravitational fields which we’ll have to integrate out. In particular we may identify the field
¢(x) as the Newtonian scalar, A;(z) as the gravito-magnetic vector, and G;j(x) as the symmetric
spatial tensor [38].

This decomposition procedure proves to significantly simplify the evaluation of the conservative
sector (actually of the diagrams that will arise in this near zone EFT) at higher PN orders [206,
213, 235]. In fact, when working in harmonic gauge with g, = 7, + huw, the two-point function
of the metric perturbation h,, implies a mixing of the different components, (T (hu h,r)) # 0

also for uv # pr; instead the qAb, Ai,@-j fields do not mix, as the two-point functions (T (Q%Al)) =

(T (qAb&ij>> =(T (Ai&jk>> = 0 are vanishing, in turn simplifying the diagram evaluation [235].
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B Explicit power counting in the point-particle action

Up until this point we have actually still made no assumptions about the relative typical velocity
v between the two bodies, which could also be relativistic v ~ 1; in fact the Kaluza-Klein decom-
position (3.30) is only a parametrization of the metric per se. The assumptions we implicitly used
instead is the requirement of the gravitational field to be weak, for example in the scale separation
requirement Ry < r of having the typical scale of the bodies be much smaller than their rela-
tive distance. Hence the current description would be appropriate also for the post-Minkowskian
approximation, for example to describe gravitational scattering events, once we’d perform an ex-
pansion of the full action in powers of A, see references [192, 205, 242].

Instead, as already explained in section 2.1.3, in order to more easily tackle the problem of in-
tegrating out the high energy modes we need to find a power counting scheme that allows us to
evaluate the wanted results at the desired accuracy evaluating only a finite number of terms. Then,
recognizing as the expansion parameter of the post-Newtonian approximation the typical velocity
v of the system, we may explicitly enforce such a power counting already at the level of the action,
such that we’ll be able to determine which diagrams are needed to be taken into account to evaluate
quantities at any finite PN order [43].

To do so we’re required to explicitly choose the preferred coordinate frame in which the typical
velocity v of the system is small v < 1, explicitly breaking diffeomorphism invariance also due to
the gauge fixing, in a similar manner to what was done in the derivation of section 1.3. We can then
exploit the reparametrization invariance of the particle worldlines (section 3.2.2) to use the time
t = 29 of a static, far away observer, as the affine parameter of the two point particle worldlines,
so g, =t for a = 1,2. In such a way we obtain:

H . .
dc‘i’;a C(Lva) . with (va) = of = 32

(3.32)

where v! therefore is the three-velocity of the particle a as measured by such far away observer,
and furthermore we define the modulus of the velocity of particle a as v, = \/Vq - Vo = \/5ijvflvg.

With such a choice of affine parameter, employing the Kol-Smolkin parametrization of the metric
as defined in (3.30), the point particle action (3.23) associated to the worldline a with mass m,
reads:

PP DA G = d+1 (),  derdar
SSoa et &, Ai, 635] = —ma/dtd T \/gw, (z) Fﬁ5( )t — 2h(1))

Guv=9guv (Wa)

1

2 Lo e o S A A; A 5645 |2
_ _ 1 _ g ¢ _ 9t z —cq j ]
/dt“ [ R (A ol K [

(3.33)

In particular, as it’s explicitly derived in appendix A.2.1, the above expression of the point particle
action for each worldline a factorizes into:

SEPPY gl b Ay, 645] = SEM 2] 4 Sleowrl [k 6 Ay 644] (3.34a)

pp,a pp,a

kin _ .
Sppa 1] = —maq / dt /1= 02(1) ; (3.34b)
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.o 2+ (cg—2)v?) , | I
(coupl) 1.1t PSS ( a _ i
Spp,a [xa7¢7A270-’Lj]_ ma/dt< 2\/@ 10} MAZUQ
1 (@re-2)
Gy + Aol 4. :
2 1—1)30’]”“ 2(1 —v2)3/2 o Aiv |
z=xz(t)
(3.34c)

so into a kinetic term only for the worldline, given by equation (3.34b), which is actually the special
relativistic point particle action, i.e. in absence of gravitational field perturbations, specialized to
the chosen reference frame; and the action (3. 34c), which contains infinitely many operators that
couple the worldline z}; to the gravitational fields gb, A, 6. From expression (3.34c) we can already
check the claim according to which the Kol-Smolkin field scale homogeneously in the v expansion
parameter, in fact the (}5 field is not contracted with any velocity vector, the A field is contracted
with one v* vector, whereas the 0;; with two viv? vectors.

In particular from the action (3.34c) follow also the Feynman rules for the interaction between the
a-th particle and the gravitational degrees of freedom, ¢, A;, 6;5; as we will see in appendix A.

B Gauge fixed Einstein-Hilbert action in terms of Kol-Smolkin variables

We have also to rewrite the pure gravitational action, given by the sum of the Einstein-Hilbert
action (3.26) and the gauge fixing term (3.27), as a function of the parametrization (3.30). Such
action is also denoted as bulk action, Sy, = Sgg + Sar.

In order to derive the relevant term up to 2PN, we employed the FeynRul .m module of the EFTofPNG
package [249], which yields:

Spuik|®, Aiy 6ij) = Sprle, Ai,645] + Sar(d, Ai, 644
D /dd'Hm [(cd &52 —Cq 8%@'&) + (ainain - aiAjain + (aiAi)2 - AZ Al)

+ - (aﬂ&gaja—g + 4(0,6 0,6 — 0;6:1,0°6"7) — 20645056 + (67)% — 2 by &w)

a0 -0 &

bOA" — 0,0 Ai>+(z(A"aj&g_aw&ij>+<aﬂ&"&;i— Ai@ﬁ?))
(ca(26:50°6076 — 510°00,6) + 24 ($ ;1T A’ — §0,4,09 A

1 i
7A )
+2cq

BONY — 2 $453) - 238()° )]
(3.35)

where the spatial indices are now raised, lowered and contracted with the d-dimensional kronecker
delta 6% and ;5.

B Potential and radiative fields modes separation in the non-relativistic regime

In the position where we’re at, the Kol-Smolkin fields, which we may generically denote as W, (x),
with W, = g?), A;, 045, encode the long wavelengths modes of the gravitational field with E~! > R,
this means that they include also modes with a wavelength larger than the orbital scale k=! > r,
and so we’ll need to separate these field further in order to single out the modes with Ry < k=% < r.
As will see, this step is actually necessary in order to obtain an explicit power counting in the typical
velocity v for our effective theory, and it’s possible thanks to the remarkable separation of scales
between near and far zone which happens once we impose the constraint for the typical velocities
to be non-relativistic, v < 1, as discussed in section 3.2.1.
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Requiring v <1, we can then split of the degrees of freedom associated with the gravitational field
W, into potential modes W, and radiative modes W, as [192, 213, 242]

Wa(k) = Wa(k> + V_Va(k) (3'36)

where the distinction, which should more precisely be cast as (3.39), is based on to which momentum
region the wavevector k* of the modes belongs to:

e the potential modes W, = ¢, A, o have a wavevector which scales as k* = (k% k) ~ (%, %),
where v is the modulus of the typical three velocity of the system; they represent off-shell
space-like (k? # 0) potential gravitons, thus they can be thought of as the mediators of the
gravitational force between the two compact bodies;

e the radiative modes W = ¢, A, & which have a wavevector that scales as k* = (k% k) ~ (2, %)
they may be either on-shell modes (k> = 0), and hence they can be interpreted as the
observable radiation gravitons, or they can be off-shell, in which case they generate both

dissipative and conservative radiation reaction forces on the system [242].

Thanks to this separation we can now clearly single out the degrees of freedom to integrate out,
i.e. the potential ones with k! < 7. In fact the radiative modes satisfy

OuWor~ W, (3.37)

ﬁ\@

so they can be regarded as a slowly varying field with characteristic length & ~ A, which is the
wavelength of the emitted gravitational radiation, as we could have expected [192]. Instead the
potential modes satisfy

1
AW, ~ gwa LW W, (3.38)

and they can be thought of as potential gravitons. In particular this non-homogeneous scaling of

the time and spatial components of the potential modes will require us to expand their propagator
1 +oo ((k0)2

1 1 .
O F2rie T ROk & TR Zen=0 \ k]2
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definite scaling ((ﬁ{l)g ~ v?", more and more suppressed in v < 1: this will restore a definite

n
) , in order to obtain a series of term, each one with a

scaling v for each diagram, and physically will be equivalent to considering the leading order
interaction between the two bodies as instantaneous, plus an infinite series of retardation correction
suppressed by powers of v>"; we’ll return on this point later in this section.

Let us point out that references which do not employ the Kol-Smolkin parametrization expand
instead the long wavelength modes as g,%) = N + ;Lw, = N + (h;w + f_LW), with A, the potential
modes of the gravitational fields and h,, its radiative modes. Then, because the Kol-Smolkin
parametrization of the metric, defined by formula (3.30), is non linear, we expect it to not be
equivalent to employ such parametrization in position with respect to momentum space. In practice
in order to obtain the Feynman rules, as will be done in appendix A, we will substitute the Kol-
Smolkin parametrization in position space, g,.(r) — Wa(z) ~ ¢(z), A(z),6(x), subsequently
expanding the action terms in order to obtain a polynomial expression in the fields Wa(a:); then

détig W ) —ikx

we will perform the Fourier transform W ) = [ om T , and finally split the modes

into potential and radiative ones, Wa — Wa+ W . This will also assures us that potential W, and
radiation W, modes will not mix during propagation: we will see in appendix A.1 that, thanks to
the overlapping support of their Fourier modes by definition, W, (k)W4(k) = 0, mixed quadratic
terms will vanish.



Section 3.2 — Effective theory for a compact binary system 75

Discussion about the splitting of the gravitational modes

Nevertheless let us also point out that to be more precise equation (3.36) should be cast as:
Walk) = f(k) Wa(k) + (1 = f(K)) Wa(k) (3.39)

where f(k) is a window function, which eventually could allow for a smooth transition between
the potential and the radiation modes. In practice nonetheless we’ll choose such window function
to be a step function, as could be f(k) ~ 0(K? — k?), where k* = n,,k*k” while K is a specific
threshold for the cutoff: the step function then forces the potential and radiation modes to have
non-overlapping domain, and this assures us that the mixed quadratic term W,W, will vanish
when we’ll evaluate the expressions for the propagators of these fields, as we will explicitly see in
appendix A.1, and hence potential and radiation modes will not mix during the free propagation.

Nonetheless, apart from this last point, the exact definition of the cutoff is never employed in the
calculations: this is because, when evaluating integrals over the momentum d*k, we’ll promote
them to live in (d + 1) dimension, d*k — d?t'k, as we're using dimensional regularization; and
we’ll extend the domain of integration over the whole R4t space, indifferently if the k& momenta
were associated to a potential or a radiation modes; and this is the reason why we’re not sensitive
to the aforementioned cutoff.

Such a procedure however introduces some subtleties: while it allows us to easily employ all the
multi-loop quantum field theory techniques which we introduced in section 2.2; formally with each
integral we're evaluating some contributions which we demanded to be discarded. In particular
whenever we perform a momentum integral concerning potential or radiaton modes, we should
restrict the integration domain over either the corresponding hard or soft set of momenta. However
the procedure of extending the integration over the whole momentum space, disregarding the cutoff,
is somehow justified within the so called method of regions [60, 213, 214, 250, 251]. Furthermore
the splitting into potential and radiation modes is somewhat arbitrary, even thought it allows to
greatly simplify calculations: on the other hand this splitting sometimes actually introduces spuri-
ous divergences, both in the near zone (IR divergences) and in the far zone EFT (UV divergences),
which nonetheless may be shown to cancel each other out once one employs suitable techniques,
such as the zero-bin subtraction [60].

B Integrating out the near zone scale

We can finally integrate out the scales of the near zone, that is, the degrees of freedom with modes
which satisfy R, < k~' < 7, hence whose characteristic length is of order of the orbital scale: such
degrees of freedom are then given by the potential gravitational fields ¢, A, o.

The total action of the high energy theory was given by (3.29) as a function of the g, (L) field,
which we rewrote in terms of Kol-Smolkin variables W, in equations (3.33) and (3.35): performing
the further aforementioned steps, in order to exchange the W, fields for the potential W, and
radiation W, modes, we obtain:

2
Snear,vv[{Th}, &, Ai, 0ij, &, Ai, 5ij] = Spunld, As, 0ij, &, As 53] + >SS 2k, ¢, Ay, 0ij, b, A, 5]
a=1

(3.40)

To obtain the effective action Syeqrrr Which describes the dynamics of the system, as seen from
the far zone, we have to integrate out the potential modes ¢, A, o from the complete high energy
action (3.40), as explained in section 2.1.2:

eiSnear,JR[{Iff}@ﬂiﬁij} _ /qu DA, Do eiSnear,Uv[{$5}7¢7Ai701j@,;1i75iﬂ ] (3.41)
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From what has been discussed so far, we can already recognize that some terms of the Syeqr v do
not depend on the potential fields, therefore those term can be directly extracted out of the path
integration. In particular from equation (3.34a) we found that the S,()ff; ) [25] term doesn’t depend
on the gravitational fields at all; whereas in the bulk action (3.35) and in the worldline-gravity
action (3.34c) some terms depend only on the radiation fields and possibly the worldlines, hence

they need not to undergo the path integration.

The other terms which instead depend on the potential fields ¢, A;, 0;; will instead be integrated
out using a diagrammatic perturbative approach: such operation will yield a series of new terms,
which may either depend only on the worldlines, and we will denote their sum as the conservative
action Seons[{zh}] for the binary, or they may depend also on the radiation fields (and possibly
the worldlines t00); this latter series of terms will yield operators which describe the effective self-
interactions of the radiation fields (and respectively corrections to their couplings to the worldlines).
All in all, the part of the low energy effective action S,cqr rr Which depends on the radiation fields
b, A, ij, and hence describe their effective dynamics and how they couple to the worldlines {4},
is called the effective action for the radiation theory and is denoted as Sg}”?[{xa} ¢, Ai, 5;5]; such
action will be key for the final far zone effective theory [213]. To summarize all of this in a schematic
way, equation (3.41) can be recast as:

2
Snear,IR[{xZ}u g)’ Ai? 5—1] Z Spf)lg :Luu' Zlog (/D¢ DAZ DUZ] eisnea'r,UV[{mg}z(b)Aiva'ija¢7Ai’5'ij]) ,

—Scons{{xa}]"'sg}l?[{l’ h,A0,545]

(3.42)
where S’neanyv is Spear,yv With the terms that depend on the worldlines {:UZ} only removed. Let
us point out that this effective action Spear 1r[{z4}, @, Ai,4;] it’s also denoted as NRGR action
Snrer[{zh}, &, Ai, 545], which stands for non-relativistic general relativity [43].

B Conservative sector and radiation dissipative contributions

The division we performed in formula (3.42) reflects the way that the dynamics of the binary
are usually treated: it is in fact customary to consider separately the conservative sector and the
dissipative or radiation contributions. The former in practice gives the post-Newtonian corrections
to the binding potential of the binary, while the latter mostly describes the dissipative effects due to
the gravitational waves radiated by the system. It must however be noted that also the radiation
effective theory does contribute to the conservative dynamics of the binary, for example due to
the time non-local tail effects, in which gravitational waves back-scatter on the static curvature
produced by the binary system, and are later reabsorbed by the system [213, 252].

To evaluate the conservative action Seons[{zf}] one usually sets the radiation fields ¢ = A = & to
zero and integrates out the potential modes; whereas the contribution from the radiation action

gﬁ[{xa} ¢, A;, 5] is considered separately. Furthermore, whereas the leading order conservative
contribution is the Newtonian potential (so OPN order), the first dissipative contributions enters
only at 2.5PN order [36]. Yet this latter contribution is sometimes denoted also as 0PN relative
order, since it is the leading order contribution to the dissipative sector, and hence it must be

accounted to obtain the leading order expression for the gravitational waveform.

B Notation employed in the thesis for Feynman diagrams and fields

As already discussed, we’ll perform the needed functional integrations by summing over the relevant
Feynman diagrams. In particular the derivation and the expressions of the relevant Feynman rules
are presented in appendix A.
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To this end, in the Feynman diagrams we’ll represent the potential and radiative modes of these
Kol-Smolkin fields using the notation shown in figure 3.4.

Furthermore the action (3.34c) prescribes the

coupling between the gravitational fields ¢, A, & Potential fields Radiation fields

Wit'h the Woﬂdlines {xéf}, .i.e. the (positions, ve- P N
locity and higher derivatives, of the) compact —

objects. To represent this coupling we’ll em- A V.U AVAVAVAWV,

ploy a notation different with respect to what O e 5

is usually utilized in the literature: we do not

draw any line for the worldlines degrees of free- FIGURE 3.4 The diagrammatic representation of

dom, since they’re not propagating, as they’re }, propagators of the potential and radiative Kol-
non dynamical d.o.f. in our effective theory. In- Smolkin gravitational fields.

stead we represent the coupling of gravitational

fields (qAb, A, ) to the worldline %, with generic worldline index a (eventually a = 1,2), with a circle
(left of equation (3.43a)) if we're working in the near zone effective theory, and with a square (left
of equation (3.43)) if we’re working in the far zone effective theory (which we’ll present in section
3.2.4). The distinction between near (circle) and far zone (square) worldline-gravity vertices is that
in the far zone the vertex is an effective vertexr, obtained after integrating out all the potential
fields.

To be more clear, we represent with a circle what in the literature, e.g. [43, 213], is usually
represented with a single thick line, and with a square what in the literature is usually represented
with a double thick line; hence for example (on the left the notation employed in our thesis, on the
right the one customary in the literature):

®
|

e | ¢ , (3.43a)
| |
q /

‘@~ (\a) ) (3.43b)
Y ¢

Another difference, presented visually in equation (3.44), is that in the literature for the conservative
diagrams it is customary to draw two thick lines, one running horizontally in the top and one in
the bottom, which represent either one of the two compact object; and then to consider as different
diagrams the ones in which the gravitational fields couple differently to this worldlines (the thick
lines). In our notation instead, on the left of that same equation, we make clear the fact that
we're summing over vacuum diagrams (as in fact the worldlines can always be stripped away in
these post-Newtonian effective theories, as they don’t propagate), and we keep generic the index
of each worldline vertex (i.e. the letter inside the circle): then with our notation we understand
the fact that when write down the expression corresponding to the diagram, we have to keep
generic the worldline index in the expression of the corresponding worldline-gravity Feynman rule;
summing over them in the end (e.ga = 1,2, b=1,2, ...). To be more precise actually the vacuum
diagram already understand this last summation, and therefore these indices are in reality muted,
nonetheless we find it useful to still show them sometimes for comprehensibility, so that when we
write down the corresponding expression for the Feynman rules it will be easier to distinguish which
expression is associated to which vertex.
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So for example, a conservative diagram with 4 worldline vertices, which first contributes at 2PN
and that we’ll evaluate in equation (4.55c), actually understand three different diagrams in the
notation that is customary in the literature (which may also have varying symmetry factors) [57,
235]:

0’¢ — + | + \ 4 (1 RN 2) ) (344)

Somewhat similarly happens also for the radiation diagrams: there in the literature it is customary
to draw just one horizontal double line to represent the binary system as seen from far away, instead
in our notation we will still use a vacuum diagram representation (albeit with the square, far zone,
worldline-gravity vertices; and without worldline labels, as there is just a single multipole source in
the radiation effective theory). Only to obtain the Feynman rules for the far zone, a procedure that
will be carried out in appendix A.3, we’ll have an arbitrary number of radiation fields represented
as external legs in the diagram, yet the evaluation procedure will be similar to the one of a vacuum
conservative diagram.

B Power counting rules for the near zone effective field theory

As already pointed out in section 2.1.3, one of the important feature of effective field theories is the
fact that calculations should be organized in a series of terms about some expansion parameter, in
order to be able to evaluate only a finite number of terms, up to the desired accuracy.

In practice the construction of our effective field theory requires
integrating out some fields by summing over an infinite series of
diagrams, either vacuum ones or with external radiation lines, EO G 3 L7353
and our approximation scheme is the post-Newtonian expansion,

Quantity Scaling

_1__1 3

hence it is natural to organize the diagrams in the infinite series k| G 2L 22
by their respective scaling with regard to the post-Newtonian o G*% =% s
expansion parameters, and afterwards to truncate the sum at n —
the PN desired order. 0; G 2L 202
t G3 L3y

The goal of this section is then to find how each diagram scales

with respect to the PN expansion parameters, which are the r G3 L3y s
Newton gravitational constant G and the typical velocity v of SRR
the system. To do so we’ll have to evaluate the scaling behavior m G72 L2 w2
of each propagator and each Feynman rule which compose a full A G 3
diagram in the limit d — 3.
Before proceeding, we point out explicitly the scaling behavior of ~LTABLE 3.1 Scaling of the quan-

. .- . . . tities which are encountered during
the physical quantities which may appear in any diagram: let us caleulations
recall from section 1.6.1 that in the post-Newtonian expansion '
it holds:

Gm
v? ~ —— (3.45)
T

and that, by construction, for the momenta of our potential modes it holds

1
K0~ Y , k| ~ — . (3.46)
r r
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It is customary to introduce also the orbital angular momentum L = mur as an explicit scaling
parameter [192, 197]: in such a way we can express both m and r as a function of G, v and L only:

|GL [ Lv

Finally let us notice that the former expansion parameter is implicit in the gravitational coupling
A Z* G—3. We summarized all of this in table 3.1.

Propagator expansion in order to recover definite scaling

To find the PN order at which each diagram contribute, first we need the power counting rules for
the propagators and the vertices which compose it. We can obtain the scaling of each Kol-Smolkin
field by looking at their two point functions [192, 253], for definiteness let us consider the one for
the potential ¢ field, as it has been derived in appendix A.1:

(T D= = AWk 1 ik 3.48
(o(x)o(y))) = 2%/ )@ R i . (3.48)
From this expression at first glance we may not easily recognize any definite scaling behavior: this
is because, as already pointed out, the time component kY of the momentum scales differently with
respect to its spatial part k, hence it is necessary to single out each of them. We can do so noticing
that because ¢ is a potential mode, it is always off-shell, which means that k? # 0 and so that the
1€ prescription can be neglected; hence we can employ the expansion

oo 0\2\ ™
1 1 11 1 (k)
1 R S —— 4
CRNCYEES A n_0< PE ) ’ (3.49)

which holds for k° < [k, as in this case.

Inserting this expansion in the (3.48) two point function we obtain:

i d?tg "
(T(o(x)o(y))) = _QCd/(QW)(dH) ey \k\Q Z( k|2 ) : (3.50)

Physically this actually amounts to expanding the non-instantaneous exact propagator (3.48) of
the ¢ potential field about its instantaneous action, given by the leading n = 0 term

i dk® 00,0 d9% . 1
T Y (e >/ o(y) 1 51
(T((x)b(y))) 2e; | o€ 2mi TIER (3.51)
8(z0—y0)

and by then considering in a perturbative manner the higher order corrections, as the one at order
n is subleading due to an additional scaling factor given by

<(k:0)2|k1|2>n ~ (iﬂ)n — )" (3.52)

which means that it enters n PN orders higher than the leading one [206].

The Feynman rule in momentum space associated to the propagator of the potential ¢ field, which
has been derived in appendix A.1, equation (A.18), is

_ (3.53)
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but, performing the aforementioned expansion needed to obtain definite power counting rules, we
actually find that the Feynman rule associated to the leading order instantaneous contribution
(3.51) is given by

K L
i

_____ =, 3.54

® 2¢q [k|? ( )

while the higher order corrections are denoted as insertions of a cross in the propagator
s 1 i ((K)%\"
=——— . 3.55
e =agne () (359

n

Finally we can estimate the scaling of the ¢ field from its leading order instantaneous contribution

(3.51), to obtain:
9 oy (1)? 9 W vt _

where we assumed d = 3 as we’re interested in the PN scaling of the final result.

Scaling of the Feynman rules involving potential gravitons

Comparing the expression (3.53) for the momentum-space representation of the propagator for the
¢ potential field, with the explicit expressions of the propagators for the A potential field, given by
equation (A.22), and for the o potential field, given by equation (A.29), we can notice they differ
by constants and tensorial structures which are dimensionless and not proportional to G, L or v;
therefore we can conclude that any potential field W = ¢, A, o scales as:

Wo G 2L 202 . (3.57)

The next step is to obtain the scaling behavior of the interaction vertices which involve potential
gravitons: they can either be interaction vertices between the worldline and the fields, or bulk
interaction vertices which involve gravitational fields only; we’ll explicitly derive their expression
in appendix A.

Restricting now our focus on conservative diagrams, i.e. connected vacuum diagrams involving
only potential gravitons, hence with no external legs, we have that each of the two end point of any
potential field propagator must necessarily connect to a leg of an interaction vertex. Therefore we’ll
adopt the convention according to which one incorporates the scaling due to the propagators and
the corresponding integrations over the free momenta inside the interaction vertices: in practice
this means that, once we multiply each interaction vertex by a factor (3.57) for each one of the
potential field legs that it has, then we can simply neglect the propagators when we evaluate
the scaling behavior, and so consider only the interaction vertices which appear in the diagram.
One still must be careful that any propagator insertion instead still increases the PN order of the
diagram.

We can then derive the scaling behavior of a generic interaction vertex starting from the corre-
sponding term the action; in particular, as explained in appendix A, to obtain the Feynman rules
ones considers the Fourier transformed fields and applies the needed functional derivatives. The net
result of these actions on a potential field W, for what concerns the power scaling, is the substitu-
tion OOIW 4 (x) — Ca [ Ak (KO)P (k)7 6D (k —...) ™ o (k°)P |k|%, up to some constant and
tensorial structures. Furthermore, recognizing that any potential field appearing in the action will
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be a potential field leg in the final Feynman rule, we directly add the scaling (3.57), according to
the aforementioned convention. At last, considering that any potential field W = ¢, A, o is always
divided by a A factor, due to the field normalization we employed; recalling the scaling rules from
table 3.1, we can draw the conclusion that a term of the following kind, in the position space action,
will scale like:

1 (p+q) _ _ (pt+g+1)
_ 2

A@gagW(x)ocG* > L

(5p4-39+4)
2

v (3.58)

To proceed further we have also to evaluate the contribution to the final scaling of a diagram
due to the integrations which appear in the position-space action by considering that, for what
concerns the near zone EFT we’re considering, the typical scales which come into play are r and
t ~ O(L); therefore to any factor [d?"'z or [d¢ we’ll associate the scaling [d?"'z o ¢r® and
Jdt o« t. One must also consider the power scaling of the Wilson coefficient ¢; which multiplies
the field operator in the Lagrangian: as explicitly worked out in appendix A.2.1, in the case of the
point-particle action they’re functions of v2, hence they may further suppress the corresponding
Feynman rule by increasing its v < 1 scaling. We’ll denote then with r the leading order scaling, in
v? units, of the Wilson coefficient ¢; associated to a Feynman rule. For example, looking at equation
(A.35), we see that the Wilson coefficient of the operator which couples A? to the worldline reads
U2

Cp2 = —m ~ 0(7)2), so r = 1; nonetheless most of the time the operators are not suppressed

and therefore ¢ ~ O(1), from which follows r = 0.

Now that we have all the necessary ingredients, we can evaluate the power scaling of a generic
worldline-interaction vertex. Looking at the point particle action (3.23), and in particular its
expanded form for the conservative sector that we report in appendix, see formulae (A.32) and
(A.35), we see that there are no derivatives acting on the fields, so p = ¢ = 0; that there is always
a prefactor m [dt o« mt = Lv~2; and that any A; field is contracted with a velocity spatial vector

vl o< v, whereas any o;; is contracted with two velocities v, vs o v%2. We may also obtain r directly

from the scaling of the factor which multiplies the W fields in formula (A.35). Therefore the power
scaling a worldline-gravity interaction vertex with Ny ¢ fields, Ny A; fields and N, o;; fields is
given by:

7>
n ,"
Z -::‘;5::. - 71— 3 (Ng+Na+No) 02Ns+3Na+4N;+2r—2 (3.59)

¢N¢ ANA sNo

We can then proceed to evaluate also the scaling behavior of the bulk gravity self-interaction
vertices, which involve only graviton fields, whose action is given by the sum of the regularized
Einstein-Hilbert action (3.26) and the gauge fixing term (3.27), which up to 2PN reads (3.35) in
the Kol-Smolkin parametrization. We can notice that such an action has a A? o« G~! prefactor
and an integration over | d™ 1z oc GZL?v~ 7. Therefore the power scaling a bulk interaction vertex
with Ny ¢ fields, Ny A; fields, N, o;; fields, p temporal derivatives 9y and ¢ spatial derivatives 0;
3(0+a) [2=5(Ng+Na+No+p+a) ,2(Np+Na+No)+35 (5p+3q) 7

in total acting on the fields, is given by G'~ -
However, since any bulk vertex is derived from the regularized Einstein-Hilbert action (3.26) with
the addition of the gauge fixing term (3.27), which recalling Notation, schematically read Sgg ~
R ~ g0%¢® and Sgy ~ gI'? ~ g0%¢?; then all the terms in the bulk action will have exactly 2

derivatives, i.e. it holds p + ¢ = 2 for any bulk vertex. We can use this constraint to simplify the
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expression of the former power scaling of a generic bulk vertex down to:

........... Ngo o Ll—f(N¢+NA+N) 2(N¢+NA+NU)+p—4; (3.60)

let us notice that the scaling with respect to G dropped out; and that in this case » = 0 because
the Wilson coefficients of the operators in the bulk action cannot be proportional to the velocity
of the compact objects (as it’s the purely gravitational action).

3.24 Far zone radiation effective theory

The last effective theory we have to consider is the one related to the far zone, so the radiation
zone, which has as characteristic scale the wavelength A of the gravitational waves produced by the
binary. The high-energy degrees of freedom which are now present at this scale are

1. the gravitational radiation fields ¢, A;, 0ij;
2. the two worldlines degrees of freedom {z4 }, which still are non dynamical.

The high-energy action which governs their dynamics in this region, Sfaruv[{zh},d, A, 745, is
given by the near zone low-energy effective theory Spearrr[{7h}, @, Ai,7i;], that we derived in
equation (3.42) in the previous section 3.2.3.

Then the final effective theory will be obtained by integrating out the high energy degrees of
freedom, i.e. the the gravitational radiation fields, which in general have a wavelength k~! > r by
construction; so:

eiSfarrrl{za}] _ /qu DA; Daj eiStaruvl{zat,é $,A;,545] : (3.61)

in particular the terms that will undergo functional integration are the ones comprising what we
denoted as Sgﬁ[{x’j}, ¢, Ai, 4] in the equation (3.42). Once we will have done so we’ll obtain the
effective action

Sers{zt}] = Stararl{zt}] (3.62)

which describes the full dynamics for the two worldlines {2/} evolving under the influence of the
gravitational fields, while making no reference to the dynamics of the latter.

To recap, recalling the expansion (3.42), factoring out the terms taht won’t undergo the functional
integration, we find that the final effective action reads:

Sesr{zl}] = Zs,gglg (2] + Seons[{z!}] — ilog ( / Dé DA; Doy &' Sefflizs WvAu%]) . (3.63)

Let us notice however that to correctly compute the above action we would need to employ the in-in
formalism [202, 203, 205, 206], which we introduced in section 2.1. In fact the far zone effective
theory introduces dissipative phenomena, which then must be dealt with the in-in approach, since
the classical Lagrangian formalism can account only for conservative dynamics.
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B Matching procedure and multipole expansion

In the literature it is now customary to build the far zone effective theory in more of a bottom-up
approach, by introducing the action starting from symmetry arguments [213, 254, 255]; in practice
at this scale the binary system is effectively treated as composite particle, i.e. a single point-like
object equipped with a series of multipole moments, the latter giving a coarse-grained description
of the dynamics taking place in the near and internal zone. Let us notice that this treatment is
similar to the multipole expansion of a generic source that we performed in section 1.3.

As previously stated, for the construction of the far zone effective theory we’ll proceed instead
somewhat differently with respect to what is customary in the literature; more akin to a top-down
approach, and along the lines of the original paper [43] and reference [206]. In practice we’ll simply
integrate out the radiation fields as in (3.61) via a diagrammatic approach, similarly to what we
did for the near zone effective theory.

This procedure will nonetheless require a kind-of intermediate matching procedure, that we’ll ex-
plictly carry out in appendix A.3, which will yield the Feynman rules for the far zone. In fact these
Feynman rules follow from the radiation effective action 5’;‘}?[{335 }, 6, A;, 545 that we defined in
equation (3.42); but such an action is the result of a path integral operation: then, as we discussed
in section 2.1, to obtain each Feynman rule (each associated to a term of Sg}”?) of the far zone
theory (so with a given number of radiation gravitons lines) we’ll have to evaluate an infinite series
of diagrams involving also potential gravitons. Here the radiation gravitons will be treated as ex-
ternal particles with given momentum, whereas we’ll have to integrate out the potential gravitons

in a similar way to what we’ll do for the conservative diagrams.

Nonetheless also at this step we need to have power counting rules, in order to be able to obtain a
finite precision considering only a finite number of diagrams. It then become necessary to perform
a multipole expansion of the radiation fields inside the Feynman rules. As an example, the Fourier
transformed Feynman rule for the worldline-radiation vertex will have a Fourier exponential as
e~k = =ikt e™* nonetheless recalling the discussion previously presented in section 3.2.3, the
momentum of radiation scales like |k| oc 2, whereas |x| ~ 1 considering the characteristic length
scale of the binary system. Therefore to obtain a well defined scaling in v it becomes necessary to
Taylor expand the exponential in k - x oc v. The physical meaning of this Fourier expansion is that

we’re performing a multipole expansion of the radiation fields ¢, A;, 0ij-

Then we recall that the multipole expansion of a generic function f(¢,x,) around around an arbi-
trary point X, introducing dx, = x, — X, is given by:

(%) = 10 X) 48, (01030 _y + 5 0 o, (0054t X))y o (3.64)

we also recall that in order to not spoil the convergence of the series it is advisable to chose the
origin of the multipole expansion near the center of the binary system, for example we may choose
X to be the center of mass of the binary, and usually one also chooses the coordinate system
such that it holds X = 0. When we actually apply such an expansion to the Fourier transformed
expression, the derivatives act on the Fourier exponential, yielding:

62k~Xa(tl) — ezk.X _’_Z-(sx;kiezk.x o 55.%;(513{1 kzkj ezk-X 4. ..
A ;2 (3.65)
= kX <1 +i(0xq - k) + 5((5}(@ k)2 .. ) ;
here we can see that each additional term is further suppressed by a power of (dx - k) o< v.

In practice then, integrating by parts, we’ll exchange the multipole expansion of the radiation fields
(which we’ll integrate out in the end), with a multipole expansion of the binary system, which will
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come follow from combinations and sums over the dz’ terms: in fact if we chose X = 0, we find
exactly 0x, = X4, and for example the combination ), ; 2Ma T Lx, = MY will be equal to the
mass multipole that we already encountered in equations (1 63) and (1.72).

In some diagrams it may also be necessary to perform the aforementioned expansion in the spatial
propagators, when e.g. due to the spatial momentum Dirac delta present in bulk vertices, potential
k; and radiation k momenta may mix, for example as K k‘Q; we’ll see an example of this in
diagram (A.104), and expression (A.106). We can then notice that |k; — k| does not scale in
a definite post-Newtonian manner, because as usual the spatial momenta of the potential mode

ki scales like |ki| o< 1, while the spatial momenta of the radiation mode k scales like [k| oc 2

Nonetheless we can restore a definite power counting by noticing that then it holds % xv K1,
and hence, using the fact that |k; —k|? = |k1|> — 2(k; - k) + |k|?, we can perform the expansion of

the propagator as

1 1 k; k ki k \?> |k? 5
— 149 L 4 = . =) — @ : 3.66
e | \k1|>+< (o1 ) ~mp) 000 |+
Jhal Fal) ,

Av) ow?)

where we single out the leading order contribution, and an infinite series of ever more suppressed
corrections.

B Multipole moments and coupling to conserved quantities

We’ll evaluate the corrections due to the far zone effective theory in chapter 5; nonetheless for the
present work we’ll restrict to the evaluation of the leading order corrections only.

In particular we’ll derive the relevant Feynman rules in appendix A.3, where we’ll employ the
following definitions for the multipole moments [103, 206]:

m= Z Mg (3.67a)

a=1,2
1< Gmims
_ 1 2 _ Lrams
Ey =3 ;mava — (3.67b)
1
XoMm = — Z Ma Xq (3.67¢)
m a=1,2
PeM = Z MeVa , (3.67d)
a=1,2
M = Z me izl (3.67e)
a=1,2
M = 6;;M" | (3.67f)
L= Z Ma(Xe X Vg) . (3.67g)
a=1,2

which are respectively the total mass of the system, the Newtonian energy of the system, the
position of the center of mass for the system, the total linear momentum of the system, the mass
quadrupole moment of the system, the trace of the mass quadrupole moment of the system, and
the total orbital angular momentum of the system. The angular momentum is assumed to be
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computed in the center of mass frame, about its origin; furthermore the k-th spatial component of
the total orbital angular momentum can also be expressed as Ly = >, _; maekijxgvgb, where €;;
is the three dimensional Levi-Civita symbol which we defined in Notation.

Let us notice that the above definitions only hold at leading order: at higher post-Newtonian order
they may receive corrections. For example the (’)(v2) correction to the expression for the center
of mass xc s of the binary system will actually be the inclusion of the leading order interaction
potential and kinetic energy: this makes clear the fact we actually should be considering the center
of energy of the binary instead of its center of mass [103, 254]. This must be the case since in
general relativity not only mass but any form of energy gravitates, hence also the gravitational
binding energy contained in the gravitational field must be taken into account. This is further
corroborated by the fact that, as discussed also in [43], in order to assure gauge invariance, and to
obtain the correct Feynman rules and final results, we have to consider also diagrams which involve
bulk vertices, for example (A.104) in appendix A.3.2. The bulk vertices encode the non-linear
interactions between gravitons, both potential and radiation, due to the non-linear (non-Abelian)
structure of general relativity; in practice they’re equivalent to the contributions coming from the
stress-energy pseudotensor 7", which is otherwise introduced in order to take into account these
contributions due to the gravitational field. Then we see that not only the compact objects, but
also the gravitational field itself, contribute to the dynamics of the composite point particle and to
the emitted gravitational waves.

We’re also interested in simplifying the expression that we’ll obtain: in order to do so, restricting
to the leading order precision which we’re aiming for, we will choose the arbitrary point X around
which we’ll perform the multipole expansion to be the position of the center of mass xcps of the
binary system, furthermore demanding also the origin of the frame of reference to coincide with
the position of the the center of mass, hence obtaining X = xcopr = 0. Still let us notice that at
higher PN order one may have to generalize this condition in order to account for PN corrections,
for example to impose the condition for the origin to coincide with the center of mass it may be
needed to impose the dipole moment of the binary to be vanishing [36, 256, 257].

The fact that we're restricting to the leading order only also leads to additional simplifications in
the evaluation: in fact, as pointed out also by references [43, 206], at the leading order the several
multipole moments defined above in equations (3.67) are conserved, that is, their derivative with
respect to time is vanishing. In fact for example the mass of the compact objects comprising the
binary system may vary over time, for example due to gravitational waves absorption, but this
effect enters at higher order [43, 243]. As we’ll find, radiation diagrams will be proportional to
the integral (C.50) (which we will evaluate in appendix C.4); from this will follow that in the final
results there will be time derivatives acting the multipole moments, and therefore we can already
neglect diagrams which at leading order only provide coupling to the (approximately) conserved
quantities, which are the total mass m, the Newtonian energy of the system FEj, the position of
the center of mass x¢ s and the orbital angular momentum L.

B Employing the equations of motion

Finally, when deriving the Feynman rules in appendix A.3, sometimes we will have to use the
equations of motion of the system in order to recast the expressions into the usual multipole
expansion; an example of this is given in appendix in expressions (A.89) and (A.90). This step is
also performed in references [206]; and it is somewhat akin to what we have done in linearized general
relativity (in section 1.3.4), where we employed the conservation of the stress-energy momentum
tensor of the source (1.24) in order to recast the expressions in a well defined multipole expansion.
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B Power counting rules for the radiation effective theory

As we already said, also in this effective field theory we have to enforce a definite power counting,
which allows us to obtain the wanted precision considering only a finite number of diagrams: to do
so we need to know the scaling behavior of each radiation legs and radiation fields.

In particular we’ll be able to evaluate the scaling of diagrams comprising radiation gravitons, in the
near zone effective theory: this is needed in order to recognize which diagrams must be evaluated
in order to obtain the Feynman rules for the far zone effective theory. Then the real (leading
order) scaling of the specific Feynman rules in this far zone effective theory will instead depend on
the expression resulting from this matching procedure, as for example conserved quantities may
increase the order at which a given Feynman rule first contributes, see also appendix A.3.2.

Then the power counting procedure is similar to the one presented in section 3.2.3 for the near zone
effective theory, but in this case we have to consider that the temporal and the spatial components
of the momenta of a radiation field W, (k), by virtue of the separation into potential and radiation
gravitational modes we performed in the previous subsection, scale both like k ~ 7, see equation
(3.37). Then we can employ table 3.1 to evaluate the power scaling behavior of a Feynman rule in

the PN expansion parameters, taking care only of the fact that for a radiation mode it holds

ol = B xG 2L 203, (3.6%a)
T
K| o<% — |k|x G 2 L 305 . (3.68b)

Let us recall again for clarity that we’re adopting the convention according to which we include
in our scaling rules half of the scaling of the propagator and of the associated integral over the
momentum, for each leg which is present in a Feynman rule. Because the radiation modes can be
on-shell, we cannot perform the expansion of the propagators we performed for the potential modes
(see 3.2.3); and therefore the propagator associated to the radiation modes scales differently, like

d41g 1 d=3 v\ 2
- v - L2 (7) —1yp-1,5. )
/ TR o kT o () G v° (3.69)

therefore for each radiation leg in a Feynman rule we’ll add a factor equal to

WocG 2L 205 . (3.70)

In practice this means that we can evaluate the leading order scaling of a Feynman rule of the near
zone effective theory simply by recalling formulae (3.59) and (3.60), and multiplying it for a factor
v? for each leg which is a radiation field W, instead of a potential field W,, in order to compensate
the different scaling for the two field, which are given respectively by equations (3.70) and (3.57).

3.2.5 Physical observables in the EFT for a binary system

Performing the whole procedure which we just outlined in sections 3.2.2, 3.2.3 and 3.2.4, so by
summing over the relevant vacuum diagrams, we will be left with equation (3.63).

In the following we will describe how to obtain observables from this result: this will be useful for
chapter 6, where we will apply in practice these methods to obtain the analytical expression for
the gravitational waveform. In particular to do so we will need the energy associated to the binary

(TT)

system, the power loss of the system and the gravitational field h; as evaluated by a far away
observer in TT gauge. Then we may derive the energy of the binary system from the Hamiltonian
associated to its conservative action (which is the result of the near zone EFT), the power loss from

the dissipative part of the far zone action, and we’ll see that we’ll be able to directly evaluate the
gravitational field hE;TFT) as well in the far zone effective theory.
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B Selecting only the classical contributions to the compact binary dynamics

At this point however one may be concerned that, with the construction outlined above, we may
be including also quantum corrections to the binary dynamics: in fact, as we’ve seen in chapter 2,
we’re employing exactly the same techniques used in quantum field theory.

To be more precise the whole procedure outlined above does actually

yield also the quantum corrections to the binary dynamics: in fact it Q
requires us to sum over all the vacuum connected diagrams, including !

also diagrams which yield genuine quantum loop contributions. More- :

over, to be fair, if we had a fully consistent theory of quantum gravity, ~N
these corrections should be accounted, since they would be related to o o

real physical effects due to quantum mechanics.
FIGURE 3.5 tree

Nevertheless, as already pointed out in section 3.2.1, from a physical le_Vel COHHGC_ted vacuum
point of view we can expect the quantum contributions that we’re dis- d.lalg(;jram, IWh%Chl therefor.e
regarding to be subleading: in fact the scales (e.g. masses, distances, ylelds — classical  contrl-

. . . . butions and must be
and so on) involved in a compact binary system are huge with respect considered. Tn fact this di-
to the quantum ones. As an example we have already seen that the agram first contributes at
ratio of the orbital angular momentum to the reduced Planck constant 2PN and will be evaluated

in chapter 4.

—2
) =77 m v
is 7 ~ 10 (M—®> (m), hence we may expect any quantum correc-

tion, expressed as a series in A powers, to be extremely suppressed.

Furthermore in this case we're not interested in computing the perturba- ?

. . .. . . . _L
tive quantum corrections to general relativity, being instead interested s TN
in obtaining solely the classical contributions to the binary dynamics. '\ )
To do so then we can straightforwardly restrict our summation over the S -7
tree level connected vacuum diagrams when integrating out the relevant o

fields. Then in practice we have to sum only over diagrams akin to the
one represented in figure 3.5; whereas we have to discard loop diagrams,
as is the case with the one in figure 3.6: the latter diagram in fact yields .

. T gram, which therefore
a genuine 1-loop quantum contribution due to the massless scalar field vields quantum contri-
running in the loop. Additionally, since we’re purposefully discarding hutions and must be
diagrams involving quantum loops, there is no need to consider ghosts discarded.
fields for the gravitational fields [43].

FIGURE 3.6 1-loop
connected vacuum dia-

Finally, on a side note, let us show that in this setup the orbital angular momentum L actually is
a loop counting parameter for the conservative diagrams. To do so let us the consider a generic
Feynman diagram M, where for simplicity we don’t keep track of the specific potential field ¢, A
or o, but consider any of them just as a generic potential gravity field W. We denote then with V,,
worldline-gravity vertices and NV gravity legs connected in total to such worldline vertices, with
V, bulk vertices and NbW gravity legs connected in total to such bulk vertices. From the power
counting rules (3.59) and (3.60) we find that the power scaling of such a diagram, up to v factors,
is given by:

M o LVertVoms (N +NY) () (3.71)
We can then recall the Euler-Poincaré characteristic formula, according to which the number of
loops [ in a connected diagrams is given by [ = p — v + 1, where p is the number of propagators in

the diagram and v the number of vertices. Recognizing that any propagators connects two gravity
legs, so p = % (NX}V + NZYV), and that v = V,, + V}, it follows:

Mo LMt (3.72)
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Therefore we found the result pointed out by references [43, 192], according to which the loop
counting parameter for any diagram in the conservative sector is given by one minus the power of L.

B Obtaining the classical dynamics of the compact bodies

Once we’ve constructed the effective theory for the compact binary and we’ve completed the pro-
cedure of integrating out all the gravitational degrees of freedom, we’ll be left with the effective
action Scsy, formally given in equation (3.63), in which the only degrees of freedom are the posi-
tions of the worldlines {z4}, i.e. of the two compact bodies in the binary system. Generally the
conservative contributions will explicitly depend on the positions of the two bodies in harmonic
coordinates, whereas the dissipative contributions will depend on such position via the definition
of the multipoles of the binary as in (3.67), usually evaluated in the center of mass (or energy) of
the binary.

At this point the Scs effective action can be interpreted as classical Lagrangian for a system of
two point particles, evolving under the influence of the gravitational interaction; with the addition
of an infinite series of post-Newtonian corrections: we can then employ the Lagrangian formulation
of classical mechanics to study the dynamics of these two bodies. We only have to be careful about
correctly studying the dissipative contributions (since the usual Lagrangian formulation isn’t suited
for dissipative systems): we’ll discuss this point in the following.

Lagrangian formulation of classical mechanics

Given the generalized coordinates ¢ = {¢;} and the generalized velocities ¢ = {g;} of a system of
N particles, then action S is given by the integral of the Lagrangian L(q,q,t) [258]:
to
s=[ dtLg.ab; (3.73)
t1
and in particular we can interpret the Lagrangian as the sum of a kinetic term T'(q, ¢,t) for the
particles, minus the potential V'(q, g, ¢) which governs the interaction between the particles:

L(q,q,t) = T(q,q,t) — V(q,q,t) . (3.74)

Once we have the Lagrangian, the dynamics of the system can be obtained by employing the
principle of least action: the motion of the system, parametrized by the coordinates {q, ¢}, is such
that to extremize the action, i.e. to make the variation of the action vanishing §S = 0. This
condition can be recast into the form [258]

d /0L oL .

which are called the Fuler-Lagrange equations and represent the equations of motion of the system.

Let us anticipate the fact that, as we will see in chapter 4 and 6, higher order post-Newtonian
corrections introduce in the Lagrangian terms which are higher time derivatives of the positions ¢,
such as the acceleration ¢, so L = L(q,q,q,...). Then it is useful to generalize the Euler-Lagrange
equations (3.75) as [256, 259]:

d2 (oL\ d (OL\ OL
- N+ S () (i=1,...,N). :
de2 (aq) @ <aqi> g 0 (=L N) (3.76)

Furthermore the Lagrangian, and the action, are not physical observables per se: in fact two
Lagrangians which differ by terms that do not modify the equations of motions are equivalent,
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because they describe the same dynamics. This implies that we can add constants and total time
derivatives to the Lagrangian, and so to the potential, without modifying the physical observables
[258]:
. ) d
Li(a,4,t) ~ L, ;) + 7 (f(9,4: 1)) + C'; (3.77)

we’ll exploit this fact to manipulate these quantities in the rest of this work.

Dynamics of the compact bodies of the binary system

The connection of the effective action S.r; with the Lagrangian formulation of classical mechanics
comes by considering S.ys, the effective theory we find after integrating out all the gravitational
degrees of freedom, to the definition (3.73).

To be more specific let us recall once again from section 2.1.2 that the sum over all the relevant
connected diagrams {A(;)}, up to the desired PN order, gives exactly i Scyy, i.e. the logarithm of
equation (3.61); hence

> Aw =i Sepsl{ai}] (3.78)

and therefore, separating the several terms in the action as in equation (3.63), such a sum over the
relevant vacuum diagrams will yield, up to the desired PN order:

Serrl{xh}] = —i <Z A(i))

=ZS£§?" o]+ S l(at)] - 105 ( [ DO DA, Doy SHEIEA 0T

(3.79)

From this result we can see that the final effective theory will correctly contain the full relativistic
kinetic terms T'(q,q) for the two bodies, thanks to the 2_, S,()f,fg) [2] term whose expression
s (3.34b). The Scons[{zh}] instead will give the conservative contributions to the Lagrangian,
so to the potential V(q,q,...); whereas the contributions due to integrating out the radiation
modes, —ilog (fD(B DA; D& eisgﬁ[{wg}’¢"4i’6iﬂ), will generally produce both real and imaginary
contributions to the Lagrangian: the real contribution could be included in the potential V' (q, ¢, .. .),
whereas the imaginary contributions represent the power loss of the system, i.e. the dissipative

contributons, and may then be evaluated resorting to the optical theorem, presented in equation
(3.82).

Let us also point out that, since we’ll be working in dimensional regularization, it will be necessary
to expand the results around d = 3 spatial dimensions in order to recover the classical quantities.
Doing so nonetheless poles, for example of the kind % may arise, and will have to be subtracted via
a redefinition of the worldline parameters.

Energy of the system

Regarding the conservative sector, we’ll be interested in obtaining the binding energy of the system,
as this will be a key observable in the evolution of the binary system.

Generically, given a Lagrangian, we can obtain the energy of the system by performing a Legendre
transformation on such Lagrangian, in order to obtain the Hamiltonian: since when restricting
only to the conservative sector there is no explicit time dependence and no power loss, then the
Hamiltonian is a first integral and represent the total mechanical energy associated to the system,
as it’s the conserved Noether charge associated to invariance under time translations.
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Introducing the conjugate momenta p = %—QL, we define the Hamiltonian as:

H(g,p,t (Z pid; — L(q. 4, t)) ; (3.80)

4=4(p)

from which we could also derive the Hamilton’s equation of motion as:

) OH ) OH
q; = T%(Q7P7t) ) bi = _T%(q’p’t) . (381)

B Optical theorem and power loss of the system

Regarding instead the dissipative sector, the other key quantity for the evolution of the binary
system is the power loss due to gravitational waves emission, which we’ll evaluate in section 5.1.

A formally correct evaluation of dissipative phenomena requires the introduction of the in-in for-
malism, nonetheless for the precision we're aiming for, we can evaluate also the power loss of the
system from the imaginary part of the Lagrangian via the optical theorem: this is reminiscent of
how in particle physics the imaginary part of the two point function is related to the decay width
of an unstable particle.

In practice, denoting as in [213] with dI' the differential rate of radiation, which is similar to a
decay width, and with 7" an arbitrary long time, it holds [213]:

2
%Im(Se ) = / dEdQ d?l dFE (3.82)

and this is related to the radiated power via [213]:

d2r

10dE - (3.83)

P=dP = /dFE /dEdQE

In practice the in-in formalism amounts to imposing the correct retarded boundaries condition
for the propagators; yet applying the optical theorem to the result obtained using the Feynman
propagator still may give the correct result, since such result comprise half contributions from the
advanced and half from the retarded propagators [205, 213].

B Far away gravitational field and gravitational waveform

The final observable we're interested in is the value of the gravitational field h,, far away from the
binary the gravitational waveform: this tensor encodes the exact expression of the gravitational
waves produces by the system, i.e. the tensor perturbation that we can detect using gravitational
wave detectors.

In the customary treatment of the radiation effective theory present in the literature, it’s possible
to obtain a closed form expression which gives the value of the h;; tensor at infinity, as a function
of the source multipoles, see for example references [197, 255, 260].

Nonetheless also in the formalism we constructed up until now it’s possible to directly obtain
the expression for the gravitational field as seen from a distant observer: in order to do so we
have to notice that such a field must be of the radiative kind, as it has to be able to propagate
indefinitely, and so, recalling also the discussion about gravitational waves in linearized general
relativity which we presented in section 1.3, the gravitational waveform can be obtained by studying
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the on-shell radiation gravitons that propagate towards infinity in the previous effective field theory
construction.

We also have to recall the discussion we carried out in section 1.3.2: to extract the physical
information from the waveform we have to remove any residual gauge freedom, and this is usually
accomplished by choosing the TT gauge, defined by the conditions (1.26). In practice this is done
by projecting each Fourier mode of the spatial components of the h,, (k) field via the Aij,kl(f{)
tensor, defined in equation (1.32).

Then, working in d = 3 dimensions, and assuming the observer to be far away from the source, for
a gravitational wave propagating in direction n = ﬁ, we can write:

RET (%) = Aijp (B) (R¥ (1, %)) | (3.84)

where (h¥(t,x)) is the expectation value for the metric perturbation, far away from the source.

From the construction of our effective field theory, and the above discussion, we conclude that in this
zone the relevant gravitational degrees of freedom are the radiation modes (h* (t,x)) ~ (ﬁkl(t, X));
and we can draw the connection with the ¢, A and & fields we used in the radiative effective field
theory by recalling the Kol-Smolkin parametrization (3.30) and expanding it at linear order in the
fields (under the weak field approximation |k, | < 1) reads:

o _A
Guv = Muw + Ay = (1 +A2.A N o o') + O(hQ) ; (3.85)
— AZ _51']' + (Cd — Q)Xéij — X]

Then, recalling that in TT gauge only the spatial components of the h,, tensor are non vanishing
we obtain h;; = (cq — 2)%(5@- — U]f' , and further recalling that the A;;; selects only the traceless
components of the h;; field, from equation (3.84) we finally obtain the expression we were looking

for:

5.kl
hiih (t,x) = —Ajjpq (B) <T(t,x)> . (3.86)

To avoid confusion, A;; j; is the Lambda tensor projector defined in (1.32), whereas % is the inverse
of the renormalized Planck mass defined in (3.25).

This means that we can evaluate the gravitational field, produced by the binary system, at a large
distance from it, by evaluating the vacuum expectation value of the ¢;; radiation field in the same
spacetime point. To evaluate this expectation value we have to work in the far zone effective field,
considering the connected vacuum diagrams with one &;; leg. We’ll explictly do this at leading
order in section 5.2, where it will prove to be necessary to employ the in-in formalism in order to
obtain causal results, see also references [202, 206, 242].

3.3 | Newtonian potential in the effective theory for binary systems

We'll now exemplify the concept described so far by explicitly obtaining the leading order (0PN)
conservative contribution to the binary dynamics: that is, the classical Newtonian potential.

Summarizing the previous points, after integrating out the internal zone, we're left worldline effec-
tive theory we’re with the near zone effective action (3.29). We recall from 3.2.2 that we consider
only the point particle term for the worldline, since finite size effects are higher order contributions.
Therefore in practice we have to perform the path integral (3.42) in a perturbative way: in particu-
lar, as already discussed, the Newtonian potential is a purely conservative contributions, therefore
will be included in Seons[{z4}]. Then this contribution won’t be affected by the last path integral
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which concerns the far zone effective theory, (3.63), since when deriving the Newtonian potential
no radiation gravitons are involved. Instead the leading order contributions will be formally of
order 2.5PN, and we’ll derive them in section 5.1.

B Diagram contributing to the Newtonian potential

This means that to obtain the Newtonian potential we can focus only on per-

forming the path integral (3.42): as discussed in section 2.1 and in this whole Q
chapter, to do it we have to sum over all the connected vacuum diagrams in- |
volving only potential fields. We then have to select only the leading order :
contribution, since all others diagrams will yield post-Newtonian corrections [
to the Newtonian potential, and will be the topic of interest of chapter 4. In o
particular in section 4.1 we’ll study how to methodically draw all the required Frourg 3.7
diagrams and evaluate the corresponding symmetry factors. Nonetheless em- the only diagram
ploying the power counting rules (3.59) and (3.60) we can already see that there contributing at

is only a single connected diagram that we can construct and which contributes leading order in the
conservative sector.

¢

at order Lv° (which is the expected scaling of the Newtonian potential, since
S =/ dt@ o LY using table 3.1): this diagram is the one involving only two worldline-¢
vertices, connected by a ¢ propagator, which is represented in figure 3.7. In section 4.1.2 we will
explain of to evaluate the symmetry factor of this diagram; nonetheless we can conclude that it is
% already by drawing an analogy with the diagram (3.11) of the toy model, see section 3.1.1.

B Diagram evaluation

In order to write down the expression corresponding to the diagram in figure 3.7 we need the
expression for the ¢ propagator and for the worldline-¢ interaction vertex. The explicit derivation
of the relevant Feynman rules is presented in appendix A; in particular the aforementioned Feynman
rules are respectively given by equation (A.18) and equation (A.39); and therefore, integrating also
over the k free momenta, we obtain:

®

|
A(Newton) = kTI ¢

L iy e fap (AR ) (LT
2 ) (2m)d+l A 2y/1— 02 2¢q k? + ie

a=1

(3.87)

2
o | —; Z % /dt’ 2+ (=2 +ca) v} ik ()
b=1

2,/1—1}2

The above expression nonetheless still doesn’t have a well defined scaling in the post-Newtonian
parameters: both because the expression worldline-¢ vertex is a function of v2, and therefore entails
an infinite series of corrections in v?; and also because we need to expand the potential propagator as
described in section 3.2.3. In particular we can expand the off-shell potential propagator employing
formula (3.49), which results in (3.54). Then we can also expand in Taylor series each of the two
expand worldline-¢ vertices around v? ~ 0, keeping the leading order term only: the leading order
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contribution due to the vertex is given by (A.41a). Doing all of this, diagram (3.87) results in:

y _/ dd+1]€ Zma /dt —ikza(t _LL _i’rnb/dt/ tkxy (') +O(L 2)
(Newton) — ) 2,ﬂ. d+1 —t 2¢cq |k‘2 ! — A ‘ °

. 2
7zkx t)—x
4ch Z mb/dtdt/ d+1 (B)=o(t ))WJFO(LU)

(3.88)
where the (’)(L v2) understand that in the above expression we're neglecting higher order terms due
to the aforementioned expansion we truncated. This fact, according to which any post-Newtonian
diagram contributes also at higher post-Newtonian order beyond its leading order, is quite general;
we’ll return on this point in chapter 4.

To proceed with the evaluation of (3.88) we can perform the dk® integral, recalling the Notation
for the conventions about the Dirac deltas. Therefore, noticing also that z(t) = (¢,x(¢)) and that
we’re working in mostly minus metric, so kz(t) = k°t — k - x(t):

S dk® 0
.A(Newton - 4CdA g E MaeMyp /dtdt// _“f
a=1 b=1

S(t—t')

i v AR ke (1) ()
:4ch2ZZ mb/dt/ e’ (Xa *b W"‘O(LU) .

dk

ik (xa(t)—xp(t")) W +O(LU )

(3.89)

Now we need to evaluate the integral in the spatial components k of the momenta: we explicitly
evaluated all the integrals needed in this thesis in appendix C. For the case at hand we evaluated
this class of Fourier integrals, which we denoted as Ir(d,a)[x], in appendix C.3, in particular the
result is given by (C.31). We can then recognize the function Ir(d, 1) in expression (3.89), to obtain
the final result for the diagram:

1
k|2

& ekba(=x0(1) 1 0(L,v?)

-A(Newton - 4Cd A2 Z Zmamb

=1b=1

— 1 (d,1) xa (D)= (1)

(T(5-1) - (3.90)
4cd e Z; bz;mamb /dt ( ﬁ [xa () — x5(1)|” d) +0(Lv?)

127;/2\2 ( )szamb/dtlxa — (1) + O(Lv?) ;

a=1b=1

where I'(z) is the gamma function which we present in appendix B.1; in particular we see from
table B.1 that I'(1) =

B Obtaining the potential from the diagram expression

In order to extract the classical potential from the above expression (3.90), we’ll recall the concepts
we introduced in section 3.2.5. In particular equation (3.78) gives the exact relation between the
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sum of connected vacuum diagrams and the effective action Seyy;

Serrliza}] = —i ZA A(Newtony + O(Lv?)
w*% d 2 2 (3.91)
= TL 1o - — _ 2—d 2
- lﬁch2P<2 1>a21gmamb/dt‘xa(t) xp(t)] +O(Lv ) .

We can then expand around d = 3, recalling also the definitions (3.25) of A and (3.31) of ¢4, to
obtain the expression of a classical action:

2 2

H MeMm — v?) . .
Supslfat}] = QZZ . b/dt ()_Xb(t)’ L O(d—3) + O(Lv?) (3.92)

a=1 b=1

At this point the above expression would seem to imply a divergence when the summation runs
over a = b: nonetheless, as we’ll see in section 4.3, this is not the case when performing a more
thoughtful derivation, because the a = b contributions will in general be proportional to a scaleless
integral, and therefore be vanishing, as already discussed in section 2.2.1. For the moment we can
nonetheless simply restrict the summation Zi:l 2521 to run over 2221 > bzq; doing so expression
(3.92) finally reduces to:

Gm1m2

Sopsl{a}] :/thl(t)_Xz(m LOd—3)+O(Lv) . (3.93)

Recalling the definitions (3.73) and (3.74), that is, Sesp = [dtL(t) = [dt (T(t) — V(t)), and
comparing this with expression (3.93), we can then directly recognize the classical Newtonian

potential:
Gm1 mo

|x1(t) —x2(t)]
this is in fact the classical Newtonian gravitational interaction potential between two point particles,
of mass my and my, at a distance |x3(t) — xa(t)].

V(t) = - (3.94)

We can also see that this potential (3.94) prescribes an instantaneous interaction between the two
far away bodies, as both the two different positions x; and x5 are evaluated at the same time
t: this would seem to imply a violation of the speed of light, when framed in the theories of
special relativity and general relativity. Nonetheless this is not the case: in fact this potential is
the result of considering only the leading order expansion of the propagator (3.49); but at higher
post-Newtonian order we have to consider an infinite series of corrections, given by the same
diagrams with propagator insertions (3.55). These corrections take into account perturbatively the
retardation effects due to the finite speed of propagation of any interaction, as prescribed by special
and general relativity, where there can be no causal connection between two events separated by a
space-like interval.

B Leading order classical conservative Lagrangian

Furthermore, let us also recall, as shown in equation (3.79), that the effective action Scs; also
contains the kinetic term for the two point particles, given by expression (3.34b). We can then
expand it up to order (’)(L vo)

2
S lat] = 3 (<me [ @t VTZED) = -mat BELO(LA) 5 (695

a=1
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in particular, if we were to take the Legendre transform (3.80) to obtain the Hamiltonian, then we

would recognize the —m, term to be the rest energy of the two compact objects, i.e. E = mc?.

Finally, neglecting this rest energy term, we can obtain the full leading order (O (L UO)) conservative
Lagrangian for compact binary system:

Gm1 meo

0 (3.96)

L(t) = gmavd(t) +

a=1

where we introduced the spatial relative separation r between the two compact objects (in harmonic

gauge)
r(t) = x1(t) — xa(t) (3.97)

and its modulus r = |r|, so:

r(t) = |x1(t) — x2(t)] . (3.98)

B Leading order equations of motion

As a last result, that will be useful in the following, we can apply the Euler-Lagrange equations
(3.75) on the Lagrangian (3.96), recognizing the coordinates q, = X, and generalized velocities

4, = Va, @ = 1,2, to obtain:

N G my
X1 =

T2 — %), 3.99
o (=) (3.99)
which is the acceleration due to the classical Newtonian gravitational force. The corresponding
equation of motion for the worldline x5 is obtained by considering the (1 <> 2) version of (3.99), so

Gm1

_ ) 3.100
|x1 — %23 (1 = x2) ( )

Xo
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POST-NEWTONIAN CONSERVA-
TIVE CORRECTIONS

In this chapter we proceed to evaluate the conservative diagrams related to the procedure of inte-
grating out the potential gravitational modes in the near zone effective theory, which we presented
in section 3.2.3. Doing so we will obtain the post-Newtonian correction to the binary dynamics up
to 2PN order, so up to the next-to-next-to-leading order corrections to the Newtonian potential
that we obtained in section 3.3.

In particular in section 4.1 we outline the procedure needed to evaluate these diagrams; proceeding
then in section 4.2 with the explicit evaluation of all the diagrams contributing at 1PN order. In
section 4.3 we discuss how to generalize this evaluation procedure to higher post-Newtonian order,
also relying on the multi-loop quantum field theory techniques which we introduced in section
2.2. In section 4.4 we outline the Mathematica code which we developed, based on the previous
procedure, in order to evaluate higher order post-Newtonian correction; in appendix D we also
show some extract from the code. In section 4.5 then we present the results so obtained for
the conservative corrections at 2PN order. Finally in section 4.6 we present the results obtained
regarding the evaluation of a few selected diagrams which first contribute at 7PN order.

4.1 | Evaluation procedure for the conservative sector

4.1.1 Relevant diagrams generation

The first step in the evaluation of the post-Newtonian corrections up to n-PN order is the generation
of all the diagrams which scale like v2" or less. To evaluate the scaling of these diagrams we can
employ the power scaling rules for the conservative sector which we obtained in section 3.2.3, in
particular formula (3.59) for a generic worldline-gravity interaction vertex and (3.60) for a generic
bulk interaction vertex.

In particular let us recall that in the conservative sector the corrections at order nPN are considered
with respect to the Newtonian potential result: we already evaluated it with the diagram (3.87)
obtaining (3.94); schematically:

Seff X

?
|

e oc/dtGmImQaGOleo; (4.1)
| r

o

as could be expected since the action S, has the same physical dimensions of the angular momen-
tum L; this also agrees with what we were expecting from the power counting rule (3.59) for the

97
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worldline-gravity vertex. Then with these power counting rules, we expect any diagram entering
at nPN order to scale like GO L' v?".

The customary procedure to generate all the relevant diagrams up to the wanted PN order is to
first organize them according to the post-Minkowskian (PM) expansion: this means that we first
perform the power counting in the gravitational constant G' only [205, 225, 229, 235], defining as
G™ topology the equivalence relation of all connected diagrams that scale like G™ [224, 225]. This
proves to be useful since this power counting is easier to perform; and so only later one specializes
to the post-Newtonian approximation, keeping at order n-PN only those diagrams which actually
scale with the wanted powers of the velocity v>".

To gauge up to which PM order one has to first build diagrams we can use the PN relation (1.111),
so G ~ v?, and notice that, whereas the order OPN is given by the Newtonian potential, which scales
like GV, at order n-PN we’ll have contributions from terms like G**1, G v?, G* 1ot ..., Gv?",
ie. G’ with a + % =n+1and a > 1,b > 0, see also figure 1.7. Therefore all the relevant
diagrams at order n-PN are just a subset of the diagrams which scale like G*! or less, so the ones
entering the (n + 1)-PM expansion.

To evaluate explicitly the G-scaling of a diagram we can notice that any Kol-Smolkin field is
normalized to A ~ G2, while the only other place where a G factor may come out from is from
the bulk action, i.e. the regularized Einstein-Hilbert action (3.26) plus the gauge fixing term (3.27),
which both carry a A2 ~ G~! prefactor; on the other hand we can see from the explicit expression
of the propagators, given in appendix A.l, that they carry no explicit G factors. Hence we can
notice that any of the ¢, A, o potential fields scales in the same way with respect to G, so we may
consider the generic potential gravity field W in place of its three specific realizations; additionally
we’ll denote this W field with a black dotted line in the Feynman diagrams.

From this premises, adopting the same notation which we used in equation (3.71), we come to the
conclusion tlllat any worldline-gravity vertex scales like G%”W, while any bulk interaction vertex
scales like G2™W 1 with ny the number of legs attached to the vertex. Therefore a diagram with
NW legs attached to worldline-gravity vertices, with V}, bulk vertices and NJV legs attached to bulk
vertices will scale like G%(NXJV V)V GP~Vo where used again the fact that the number of
propagators in a diagram is given by p = % (NX,V + NJV ), because each propagator must connect

two legs.

We can then draw all the diagrams that belong to the G™ topology, i.e. that scale with G™
and so contribute to the m post-Minkowskian order, by considering all the possible diagrams
with m = p — V}, which we can build from the Feynman rules of the theory. As we want to
consider only diagrams without loops, I = 0, the Euler-Poincaré characteristic formula reduces to
p=v—1=V,+ V, — 1, therefore any loop-less diagram belonging to the G™ topology will have
exactly and only V,, = m + 1 worldline-gravity vertices and p = m + V; propagators. Additionally,
since any bulk vertex has at least three legs, whereas any worldline-gravity vertex has at least one,
it holds p = % (N%V + NZYV) > % (3V, + Vi) from which follows the inequality V, < m — 1. This
implies that to build all the diagrams at order G we can first draw the m + 1 worldline-gravity
vertices, and then iterate over the number of bulk vertices V;, = 0,1,...,m — 1: for any of these
values of V}, we keep all the connected diagrams we can build using exactly p = m 4V}, propagators.

Then in figures 4.1, 4.2 and 4.3 we draw all the diagrams belonging respectively to the G, G2 and
G? topologies; these results will be useful to obtain the diagrams contributing up to 2PN order. In
particular in these figures we denote a generic gravitational field W, with a gluon-like propagator.
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(a)

FIGURE 4.1 Diagram belonging to the G' topology (m =1, V,, = 2, V,, < 0).

(a) (b)

FIGURE 4.2 Diagrams belonging to the G? topology (m =2, V,, = 3, V}, < 1).

(a) (b) () (d) (e)

FIGURE 4.3 Diagrams belonging to the G* topology (m = 3, V,, =4, V} < 2).

B Diagrams contributing up to 2PN order

We can now find all the diagrams which contribute up to 2PN order, using the method just outlined.
We therefore specialize the generic potential field W to any of the three ¢, A or ¢ potential fields
in all of the diagrams belonging to the G™ topologies with m < 3 which we just found, and then
evaluate their leading order PN scaling using the power scaling rules (3.59) and (3.60), keeping
only the diagrams which scale like v* or less. We still have to keep track of propagator insertions as
explained in section 3.2.3, each of which adds a v? factor to the diagram; furthermore any diagrams
first appearing at a given PN order will contribute also at higher PN orders because, in order to
evaluate fewer diagrams, instead of considering vertex-velocity insertions as we present in appendix
A.2 (in particular relations (A.41b) and (A.41c)), we simply chose to keep the worldline-gravity
couplings exact, expanding in series their generic dependence on the velocity v only at the end of
calculations.

Performing the aforementioned steps we found that at 0PN contributes a single diagram, depicted
in figure 4.4, which as expected is exactly the Newtonian diagram which we evaluated in section
3.3. We find then that the three diagrams represented in figure 4.5 first contribute at 1PN order,
whereas the twelve diagrams shown in figure 4.6 first contribute at 2PN order. Then we find that
not all the G™ topologies which we found previously, e.g. in figure 4.3, contribute at a given PN
order: this is due to the velocity suppression of the related vertices. Let us stress again however
that at any given PN order we have to consider also the higher-order contributions due to all the
diagrams of lower PN order.

All the relevant Feynman rules, for the propagators and the interaction vertices, which are needed
to evaluate these diagrams, up to 2PN order, have been explicitly derived in appendix A.
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9
o

(0a) — Gto®

FIGURE 4.4 Diagram contributing at OPN at leading order. We stress again that this diagram, like any
other, will contribute also at higher PN orders, as in the end we’ll have to expand the Wilson coefficient of
the worldline-gravity vertex in powers of v.
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FIGURE 4.5 Diagrams contributing at 1PN at leading order.
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FIGURE 4.6 Diagrams contributing at 2PN at leading order.

4.1.2 Symmetry factor of a diagram

Before proceeding with the explicit evaluation of the diagrams, first we have to recognize that to
each diagram is associated a symmetry factor, by which the expression of the diagram must by
multiplied in order to recover the correct result. In particular the symmetry factor of a diagram
is given by the ratio between the positive multiplicity and the inverse multiplicity of the diagram
itself.

The positive multiplicity of a diagram is given by the number of different ways in which we can
connect the several field legs entering the vertices with the given propagators. In practice to
evaluate the positive multiplicity of a diagram we have to first assign a different label to each
vertex which belongs to the diagram, and then we have to uniquely label also each leg entering
any of these vertices; this is needed in order to make them distinguishable for the counting. With
this construction we can directly evaluate the positive multiplicity of the diagram by counting the
number of different connected labelled diagrams that we can correctly construct by joining the
labelled legs with the given propagators. To be more precise, given a diagram we can regard it as
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Diagram (0a) | (1a) | (1b) | (1c) (2a) (2b) 2¢) (2d)
Symmetry factor | 5 | oty | 2 | w1 | @pam | s | @i | 1
Diagram (2¢) | (2f) | (2g) | (2h) (21) (2j) (2k) (21)

TABLE 4.1 Symmetry factors associated to the diagrams listed in figures 4.4, figure 4.5 and figure 4.6,
i.e. the ones contributing to the conservative sector up to 2PN order. The numerator of each symmetry
factor represents its positive multiplicity, while the denominator its inverse multiplicity.

the non-ordered set of non-ordered pairs of leg-labels to which any propagator is attached to. Then,
given two diagrams, we consider them as equivalent if their associated sets of pairs of leg-labels are
the same, with no concern about the order of the pairs. Then the positive multiplicity is given by
the number of nonequivalent connected diagrams we can construct with the given propagators.

Furthermore one has to be careful about evaluating the positive multiplicity symmetry factor of any
diagram in which propagators with insertions are present: one could evaluate it by considering the
corresponding diagram with only exact relativistic propagators, expanding then their expressions in
the non-relativistic regime via the geometric sum over propagator insertions, and finally selecting
the terms of the expansion with the wanted number of insertions; from these one can recover
the symmetry factor of the wanted diagram. Equivalently this procedure can be streamlined by
instead evaluating the positive multiplicity of the given diagram with propagators with insertions
as explained generically before, but taking care of considering a propagator with n insertions not
equivalent to any other: more precisely we do not consider two diagrams as equivalent if the same
two labelled legs are connected by propagators which carry a different number of insertions.

Generically we may have to discard also the diagrams which give rise to quantum loops, as discussed
in section 3.2.5, but in this case the diagram construction procedure outlined above, and the Euler-
Poincaré formula, assure us that any connected diagrams will have no quantum loops.

The inverse multiplicity of a diagram instead is related to its symmetry group, and is given by the
product of the inverse multiplicities of each of its vertices, multiplied by the inverse multiplicity
of the diagram itself. The inverse multiplicity of a given vertex can be evaluated by counting how
many identical field legs enter in the vertex, separately for each field, afterwards by taking the
factorial of each of these number, and then by multiplying these factorials together; similarly the
inverse multiplicity of the diagram can be obtained by counting how many identical vertices are
there in the diagram, separately for each type of vertex, then by taking the factorial of each of
these numbers, and finally by multiplying these factorials together.

In table 4.1 we report the symmetry factors associated to the diagrams which will be evaluated in
the following.

4.2 | Einstein-Infeld-Hoffmann Lagrangian - 1 PN order

In this section we’ll compute the next-to-leading corrections to the Newtonian potential, which we
evaluated in section 3.3. In particular these contributions of order O(L 1)2), so the 1PN Lagrangian,
is denoted as the Einstein—Infeld-Hoffmann Lagrangian [12], as in 1938 they jointly derived these
new predictions for the theory of General Relativity, with respect to the classical Newtonian gravity.

In this derivation we’ll present the application of some of the ideas we introduced in chapter 3; this
will also be useful in order to streamline the derivation of the conservative diagrams: in particular
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in section 4.3 we’ll outline the generic procedure to evaluate conservative diagrams, which will then
be implemented in the Mathematica code discussed in section 4.4.

In the following then we will proceed with the explicit evaluation of the diagrams relavant up to
1PN;, so the ones depicted in figure 4.5, and the 1PN correction coming from the OPN diagram in
figure 4.4. All the relevant Feynman rules have been derived and are presented in appendix A.

In particular in this section, for simplicity and compactness, we will evaluate only the leading order
contribution associated to the relevant diagram: in fact by expanding the intermediate expressions
in v2 and keeping only the leading order term, the evaluation simplifies significantly. However
this also means that at higher PN order we will have to compute these corrections which we are
momentarily neglecting; we’ll do so in section 4.5.

B Diagram with two wordline-¢ vertices and one worldline-¢* vertex

The relevant Feynman rules needed to evaluate this diagram are presented in table A.1 in appendix
A.2; in particular we recall the rules (A.49a) and (A.49d), in addition to the ¢ potential propagator
(A.18).

To exemplify the evaluation of symmetry factors, we can compute the symmetry factor of this
diagram by considering that we have one worldline-¢? vertex, and two worldline-¢ vertices, and
we fix them by labeling each vertex differently. Then, to obtain the positive multiplicity, we
have to consider in how many different ways we can connect the labelled legs of the vertices with
propagators, with the constraint of obtaining a connected diagram. Then we have 2-1 = 2 different
ways in which we may connect these vertices. The inverse multiplicity is instead given by the
symmetry group of the diagram: we have that we could swap the two identical worldline-¢ vertices,
so the number of ways we could permute them is (2!); furthermore we could also swap the two
identical ¢ legs in the worldline-¢? vertex, therefore obtaining another additional (2!) permutation
factor; in total the inverse multiplicity factor is (2!)(2!) = 4. Finally the total symmetry factor
is obtained by multiplying the positive multiplicity of the diagram by the inverse of its inverse

multiplicity, therefore obtaining (2(,2)7(12),) =2=1

Then we can construct the expression associated to this diagram by multiplying together the

relevant Feynman rules, taking care of relabeling differently the variables which are repeated, and
integrating over the free momenta:

ki g, "« wk2 2 m 2+ (—2+c¢ ) ;
A Q) = / \ — / — E a /dt d elk1xa(t1)
(o z ¢ d) § 2 k1,k2 ( a— A ! 2

2
SO () (e
d €
( 2+

—8—2(=2+cg) ca+ (=2 + cq) *v}))
)P

1 me 24 (=24¢a) V2 \ ikpwe(ts)
dt 2Zc(1l3 .
(20d k‘2—|-26) ( Z / ’ ( 2y/1 —v? )6

(4.2)

% (4+Ub
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Defining then, for compactness, the function of the velocities only

24 (—2+ca)v2 | | (4402 (=8 —2(—2+ca)ca+ (-2 + cq) *v}))
2y/1 -2 4(1—v2)3/?

" 2+ (=2 + ¢q) v?
2,/1 — 02 (4.3)

1
:1+§(—1+cd)(v +vf — cqui +v2) + O(v?)

f(Ua,Ub,’Uc) = (

1400 +0d-3) .

we obtain:

. 2
1 4 MaMpMe 1 1
A1) - 212 > A4/dt1dt2dt3 f(vaavbvvc)/k . [W’W )
1,R2 .

e—i[kl(l‘b(t2)—xa(tl))+k2($b(t2)—xc(t3))]} )

We can now perform the expansion of both the propagators at leading order

k:%—lkie kg-lu'e B ( ki [? £ Z (\k1\2>m> < [ka? 2= Z <|k2|2>n> (4.5)
- s (0 (45).

0)2
to obtain, neglecting terms at order O (%)

. 2
1 ¢ Mg MpMe dk9 kO (40— dk9 kO (£t
A(la) — _54763 E T /dtldtht3f(va,vb, Uc) / 27_(16 kl(tQ tl)/ 271_26 k2(t2 td)
a,b,c=1

=5(t27t1) =5(t27t3)

d d
/ (d :k)ld ‘kl|2€ik1-(xb(t2)—xa(t1)) / (d :k)Qd |k1|26ik2(xb(t2)—xc(t3))
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F(5-1) (!Xb(t) - Xa(t)!>2_d F(5-1) <IXb(t) - xc(t)l)Z_d]
)2T(1)
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2
d

(4m)5T(1) 2

T
d=3 1 1 2 MaMpMe o F(%) 2 2
AT iy | [f (o 0 0e) Ty <|xb<t>—xa<t>|Xb<t>—xc<t>|>]

d33_1i 2 : e, o v 1 1

I bz amime [t | e (e )

= —*Z 2 MMM, 1 1 v4
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(4.6)
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where in the last line we recalled the expansion of f(vg,vp,v.) as shown in formula (4.3), and
we kept only the leading order term f(vq, vy, ve) = 1 + O(v?). In this case we also neglected the
terms b = a or b = ¢ in the sum: in fact, as already pointed out in section 3.3, when generalizing
this procedure in section 4.3, we’ll find the corresponding contributions to vanish in dimensional
regularization, as they will be proportional to scaleless integrals. Finally, specializing the previous
expression to NV = 2 bodies in d = 3, and recalling the relations fdt V(t) = —Sesr = —I—iA(la), we
obtain:

G? 1
— dt ~ 2 AN )’ 4
Ao =i | [20m%+mmﬂmwwmww+o(v) (47)
G? mm1ms .

= V0ol = 5 0 - P

+ (’)(Lv4) ;

where we have already singled out the contribution to the potential V' of the Lagrangian.

B Diagram with two worldline-A vertices

In this case we need the A; propagator, given in equation (A.22), and the worldline-A interaction
vertex, given by formula (A.49b). The symmetry factor is %, as we have only one way to connect
the labelled vertices with the propagator, while the symmetry group of the diagram entails the

permutation of the two identical vertices, so a (2!) inverse multiplicity.

2 .
1 m . 1 A S
= A kj = — —q J kaa(tl) S — ? _ﬂi
Aw) ' 2/,€< Zazlz\/dtle ( ,/1_1;3)““)( 2k2+ie>
® 2
A 1 .
_iz% / dty ko) [ L
b=1

1-— vg
(4.8)
In this diagram we define, analogously as before, the scalar function f(v,,vp) given by the product
of the vertex coefficients; but in this case we also include the contraction of the tensorial structure
vééijvi, as it doesn’t contain any dependence on the momentum k and hence can be taken out of
the corresponding momentum integral:

f(Va, Vb) = <_\/11—71)2> —12 (Ué(sijvg) = Vg Vp+ O(U4) , (4.9)

1= ) ——

=Vq'Vp
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. 2
1 1 MeMp —ik(zy(t2)—wa(t 1
A(lb) = 5 <+2> P A2 /dtldt2 f(vaavb)/ke (rolt2)=a(tn) k2 + je
S ~ mamy /dt1dt2 flv vb)/e_ik(xb(m)_“(“)) - L +0(Lv")
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B Diagram with two worldline-¢ vertices, with one ¢ propagator insertion

We recognize that this diagram, first contributing at 1PN, is a next-to-leading order correction to
the Newtonian potential, which arises from the expansion of the potential ¢ propagator. We recall
then the expression (3.55) for the ¢ propagator insertion; whereas the Feynman rule for the vertex
is still given by (A.49a). Then we find the associated expression to be:

= . _1 N\ Ma ikza(th) 24 (=24 cq) v2
A(lc)— @ @lk —2/k< ZZ A /dtle ( 5 1_1)3

1 1 (k9)? . 2 my —ikay(ta) 2+(_2+Cd)vg
(e G D -2 foe

o A 2\/1_“5

(4.11)

We define then the function

F(Varvy) = <2+ (=24 cq) v2> 2+ (=2 +cq)v?

2¢/1 -2 2,/1 — 02 (4.12)

1231 L O@?) + O(d - 3)

recalling that we understand the time dependence of velocities, so for example explicitly v, = v, (t);
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and therefore we obtain:

Ma My (k0)2 —ik(zp(t2)—za(t1))
Ao = (2&)2 [ andtastvaten e [ (e

_1 L MaMyp, 0\2 —ikO(t2—t1) /ddk etk (xp(t2)—xa(t1))
5 <2@d>§b: /dtldtQ ]C ) e f(Va(tl)a\fb(tQ)) (27T)d |k|4

=Ir(d,2)[xp(t2)—xa(t1)]
(4.13)
We can now recognize an expression with a structure analogous to the following one, with g(t1,t2)
a generic well-behaved function of the two time variables, and D1, D5 their respective integration
domains which we display explicitly:

dkY
/ 7dt1dt2 (k0)2 72]{0(152 tl)g(tl,tQ)
D

1,Do 2w
kO 1 92 ih(ta=t1)
= —dtdt t1,t
/Dl,Dz 2m e (_Z)Z a252 8251 g( b 2)
dk —ik‘o(tQ—t1) —’ik‘o(tz—t1) t1.1
:/ dtldtg i Lg(tlﬂb) _ de ag( 1 2)
D1,Do 27 8t2 atl 8t1 atQ
dkO —iko(tz—tl) dko —iko(tz—tl) t1.1
z/ W, |29 2 ) —/ By | 2 9g(t1,ta)
D1 2w 8t1 ‘8D D1,Dy 2w 8t1 3t2
2
0 - (4.14)
:_/ %dtzdh i e_iko(h_tl)m _ kO (ta— 751)(9 g(t1, t2)
D1,Dy 2T ot Ots Ot Oto
= —/ d‘71{:0(3115 e_iko(tQ_tl)Lg(tl’tz) _|_/ dikodtgdtl e—ik°(t2—t1)82g(t17t2)
Do 2T atQ ‘8D1 D1,Do 2T 8t1 8t2
=0
D1,Ds L/_/ Oty Oty
25(t2—t1)

829(751 t2)
= dtidts 6(te — t) ———2=~
/l)l,Dg 1déz (tz — ) Oty Oty

where we choose to take one derivative for each temporal variable in order to obtain a symmetric
expression and with no second derivative for the same time variable in g(¢1,t2); and where we
assumed the function g(¢1,t2) and its time derivatives to vanish on the boundary of the integration
domain.

Therefore the diagram expression (4.13) can be recast as:

Mmem,
Ao = <20d> Z amp /dtldt2 d(ta — t1)
82

F(d 2) 1xp(t2) — X4 (t1)] i
% T, (f(Va(tl)aVb(tZ))( )23 r(2) ( : 2 1 > '

In practice such an expression, when the time derivatives are applied to the f(vq(t1), vp(t2)) func-
tion, imply the appearance of the accelerations: nonetheless this is not the case at this order, since
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the leading order contribution is given by truncating f =1+ (9(122); the acceleration will instead
appear when we’ll evaluate the 2PN contributions due to this diagram, see equation (4.55p).

Therefore we find:

st (|Xa( ) - Xb(t/)|p) = % [((Xa(t) — Xb(t,)) . (Xa(t) _ Xb(t/)))g:|
= %\xw) - Xb(t’)l’”% [(xa(t) = x5(t)) - (xalt) — x5(t'))] (4.16)

= plxa(t) = xp(t) P2 (va(t) - (xa(t) = x5(t)))

and so the expression for the Feynman diagram becomes:
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(4.17)

.
[

B Diagram with two worldine-¢ vertices, with one worldline-¢ vertex insertion

We also need to consider the O(v?) correction to the Newtonian diagram, which we computed in
section 3.3. Usually one would simply compute the diagram once, with vertex coefficients exact to
all orders in v, and then expand the resulting expression up to the needed PN order. Nonetheless
in this case we’ll show explicitly how to derive the same result by the diagrammatic representation
of such an expansion via vertex velocity insertion, so by considering the O(v?) correction to the
worldline-¢ vertex, whose expression is reported in the appendix, see formula (A.41b).
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Even in this case we could proceed in two ways: we may either consider the original diagram
expression, as reported in formula (3.87), and perform two insertion separately, one in the upper
vertex and one in the lower one, and then sum the result; otherwise equivalently we may consider
this diagram as a new one altogether, independent of the original O(v”) Newtonian one, therefore
we’d be working with one leading-order worldline-¢ vertex and with one O(v?) worldline-¢ vertex,
so with a single velocity insertion. The former procedure can be seen as expanding each vertex
coefficient separately in the original diagram, while the latter one implies to be working with
a different diagram altogether: in fact the latter procedure requires re-evaluating the symmetry
factor, and in fact, differently with respect to the Newtonian diagram, the vertices are not identical
anymore, therefore the symmetry factor of the diagram would be 1 instead of the original %
Because the first procedure could create misunderstandings, as it requires the modification of the
expression of a diagram, and does not correspond to the usual evaluation of the corresponding
pictorial representations, we’ll proceed with the second procedure.

Therefore the diagram to evaluate in this case is:

2 .
(1PN) _ 'lk _ / . ma/ ihea(t) (Ca =LY o) (L i
Aoa) - A Zazl A e 2 )" ) \2eq k2 +ie
@ 2 mb
. ) —ikxy(t2)
< z; A /dtge )
(4.18)

where we used the already expanded expression (A.41a) for the leading order vertex and (A.41b)
for the one with a single velocity insertion. Considering now only the leading order expansion of
the propagator, as we're already working at O(Lv?), we obtain:

2
A(IPN) cg—1 Zmamb dtdt v ar- —zko (ta—t1) d’k ieik'(xb(tz)—Xa(tl))
o) =\ Taey ) A2 e (2m)? k|2
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_ (Cd - 1> Ir(¢- Z mamb /dt 9 ( 2 >d2 (4.19)
dea ) (4m)sT(1) 5 |x5(t) — %a(t)]
=3 3, mumg o o
= z/dt [ 2G7|X1 " (v +02)]

4.2.1 Corrections to the two-body potential at 1PN order

Finally, recalling what we have presented in chapter 3 and in particular equation (3.79), and
proceeding analogously to what we have seen in section 3.3, we can recognize that the sum of all
the diagrams we computed above gives the 1PN conservative corrections (i.e. of order O(Lv?)) to
the Lagrangian of the two body system. To be more precise, by factoring out the —i [dt factors
previously we have already singled out the corrections to the potential V', which enters in the
Lagrangian as L =T —V.

Therefore, summing the results (4.7), (4.10), (4.17) and (4.19), the next-to-leading order (1PN)
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contribution to the potential explicitly reads:

G2 mmimo mimeo (Vi -va) 3 mime 9 9
“ 4G _Sg mme 2,
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AVipn =

where we understand the dependence of the quantities on the time ¢; recalling as well the definition
of the relative separation r from equation (3.97) to introduce its corresponding versor:

A X1 — X2
r =

== 4.21
a— (4.21)

Let us notice that above expression (4.20) is the first correction to the Newtonian potential, which
we had found in equation (3.94).

Furthermore we have also to consider the corrections to the kinetic term K, which arise from the
point particle relativistic action (3.34b), and at 1PN read:
1 4

1
AT\ py = gmlv‘f + gmlvl . (4.22)

Finally the algebraic sum of (4.22) and (4.20) gives the full 1PN Lagrangian:
Lipn = ATipy — AVipn ; (4.23)

which is also called the FEinstein—Infeld-Hoffmann Lagrangian [12]. Such a Lagrangian actually
describes the dynamics also of N bodies; yet, up to this order, also the results we derived above
could have been extended to N > 2 compact objects simply by extending the summations to
a,b,c=1,...,N.

4.3 | General procedure to evaluate a conservative diagram

Building upon the explicit evaluation which we have just seen, we can now generalize and system-
atize the procedure for the evaluation of any given conservative diagram. Actually in the following
we will slightly deviate from what we have done before, employing instead the multi-loop quan-
tum field theory techniques which we have presented in section 2.2: they are actually needed in
order to address the evaluation of higher order post-Newtonian corrections. In fact in the follow-
ing procedure we will find that the expressions corresponding to post-Newtonian corrections can
be interpreted as Feynman integral arising in a massless quantum field theory. This realization,
and the application of the aforementioned techniques, has allowed for the steady progress in the
computations of post-Newtonian corrections [44, 57-65].

In particular the evaluation procedure can be made algorithmic:

1. Write down the specific expression related to the diagram by multiplying together the cor-
responding Feynman rules and its symmetry factor. Let us point out that one has to take
care of assigning a unique worldline index and a unique dummy integration variable to each
worldline-gravity vertex, and to flip the sign of the momenta which are outgoing from the
vertices. Additionally, for each propagator one has to add one d%*'k; momenta integration
over the momenta k; running inside the propagator; also if the diagram presents propagators
with insertions one should use the corresponding corrected expressions for the propagators.
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10.

11.
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. In order to simplify the following calculations, one may single out the momenta {k;} running

in the diagram by extracting the scalar and vector quantities which do not depend on them,
i.e. by defining a time-dependent coefficient Cj, ;. ({Vq,...,v;}) which may carry spatial
indices i1,...,p.

Enforce momentum conservation at each bulk vertex, if any, by integrating the corresponding
d + 1 dimensional momenta Dirac delta.

Split the integration over the remaining momenta {kq,...,k;,} into an integration over the
temporal components {kY,... k9 } and one over the d-dimensional spatial ones {ki, ... ,kn};
in the exponential this decomposition will read e~ %% = e‘lk%oe“k'x, see Notation.

Trade all of the momenta temporal components {9, ...,k%} for time derivatives: if the dia-
gram expression presents a temporal momenta component at the numerator k?, rewrite it as
a time derivative acting on the related exponential k‘? et — i%(e_ik? t), and then integrate
by parts to move the derivative on the rest of the expression. The integration by parts, which
acts also on the time-dependent coefficient Cj, . ;. ({Vq, ..., v}), may yield higher derivatives
of the positions; furthermore it will act also on the exponential term et () resulting in

terms like k:; v; at the numerator of the expression.

Perform the integration over the momenta temporal components {k?, ..., k% }, which will yield
a series of Dirac deltas in the time components {t1, ... t;} via f% e~k (ti—t2) — §(t) — ty).

Enforce the temporal Dirac deltas in the time variables just obtained by integrating over all
but one of the time variables {t1, ... t;}. After this operation all the time-dependent quantities
should depend on a single time variable which we may denote as ¢, and there should be only
a single [dt time integration in front of the expression.

Perform the summation over the worldline indices a, b, ... = 1,2: in full generality, to stream-
line the diagram evaluation, one can fix a = 1 and perform the summation over all the other
worldline indices, adding the symmetric (1 <+ 2) term at the end of calculations.

Considering the argument of the exponential, for the terms in which it’s not vanishing, denote
the difference of the worldline positions as r(t) = x;(t)—x2(t), and then the linear combination
of spatial momenta which are in the dot product with the r vector as the Fourier momenta
p. In particular perform a change of variable in the integration over the spatial momenta, in
order to single out this single inverse Fourier transform integral, as opposed to all the other
integrals which we’ll denote as loop integrals.

Evaluate what we denoted in the previous point as loop integrals: in fact we can recognize
these integrals to be equivalent to massless loop integrals, and to evaluate them we may resort
to the techniques presented in section 2.2. In particular if at the numerator of the integrand
the loop momenta are contracted with some other quantities, we have to write these scalar
products as contraction of two vectors, and then include in the numerator of the integrand
the tensorial structure which depends on the loop momenta only. Afterwards, if the integrand
presents a tensorial structure, we’ll have to perform the tensor decomposition procedure, as
already explained in section 2.2.2, recognizing that the Fourier momentum vector, if present
in some scalar product of the integrand, will be the external vector to which the tensor
decomposition may be proportional to. Furthermore we may find some loop integrals to be
scaleless integrals, which hence will be vanishing in dimensional regularization, see section
2.2.1; in particular this happens for sure when the whole loop integrand doesn’t depend on
any external quantity, like p.

Evaluate the remaining Fourier integral. Analogously to the previous point, if the numerator
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of the integrand presents some scalar products between the Fourier momenta and any external
vector, then we should break apart such contractions and include only the Fourier momenta
vector in the integrand. Then, if the integrand presents a tensorial structure at the numerator,
we’ll need to perform once again the tensor decomposition, recognizing that the r vector is
the external vector to which the tensor decomposition may be proportional to, as it appears
in the integrand, inside the argument of the exponential. Finally, in full generality, we can
use formula (C.39), which we derived in section C.3, to evaluate the resulting integral.

1452
12. Add the (1 « 2) symmetric term, noticing that r M —r, to obtain the final, exact

expression of the diagram.

Finally, in order to obtain the contribution of the diagram to the conservative potential at a given
nPN order, one has to expand in Taylor series the expression just obtained above, both around the
dimension of space d = 3 (at higher orders this may also lead to poles of the kind ﬁ), and then in
the PN expansion parameter. To perform the latter expansion one can use the scaling rules outlined
in table 3.1, multiplying any quantity in the expression of the diagram by its corresponding scaling:
doing so one should find that the common scaling G° L! factorizes in front of the expression, while
the dependence on the velocity parameter v is instead non-polynomial in general; then one has to
Taylor expand this function in the parameter v, up to order v?>" included, in order to obtain the
contribution at nPN order.

Let us also point out that it is advisable to first evaluate all the loop integrals in the whole diagram
expression, then to collect common terms that may arise in order to simplify the expression, and
only then to evaluate the so resulting Fourier integrals: in this way the number of terms to evaluate
will be lower, and furthermore some terms may simplify altogether already after the loop integral
evaluation.

4.3.1 Example of the evaluation procedure

We will now apply the general procedure presented above to the specific case of diagram (2g), as
denoted in figure 4.6. The leading order scaling of this diagram is G?v2, so it first contributes at
order 2PN.

B Expression associated to the diagram

The Feynman rules associated to this diagram have been derived in appendix A; in particular
the Feynman rule for the ¢?A bulk vertex is given by formula (A.70), the Feynman rules for
the worldline-A and worldline-¢ vertices are given respectively by formulae (A.49b) and (A.49a),
whereas the Feynman rules associated to the propagators are given by equations (A.31a) and
(A.31b), both with n = 0 insertions. Finally we can read the symmetry factor from table 4.1.
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A
k’ll 2 2cq
Aag) = L > T 2191 / —i (2m) M (b + ko + k) S0 (KIKS + K9KS)
2120 i1 k2 k3

2
iy me /dtlemm( : )
—’U

A
> 1
dt2 eikQCEb(tQ) 2+ 2+Cd ’Ub L >
P 1 —v 2¢q |ko|?
)) 2Cd ’k3’2>

(4.24)
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\gw
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dts eikaze(ts) (2 +(=2+ca)

2¢/1 -2

Once we enforce the bulk momentum conservation by integrating over the k; momenta, such an
expression simplifies to:

) 2
7 Mg M M Va,i 24 (—2+cq) Ug 2+ (=2 + ¢cg) v?
A(2g) = —@ E T /dtldtgdtg (— ] 2)

a,b,c=1 — Va 24/1 — Ug 21— Ug

07.% 07.2 —zkg(ma(t1)—:cb(tg))—zkg(za(tl)—xc(tg))
S RCERL D ) (o T )
(4.25)

B Evaluation of the integrals of the temporal components of the momenta

As already explained, to evaluate the integrals of the temporal components kJ and kg of the
momenta we may rewrite any factors of them at the numerator of the expression as a time derivative
acting on the exponential, and then integrate by parts. After this all of the integrals will act only
on the exponential, hence yielding Dirac deltas in time variables. These steps in general can be
performed using a formula similar to equation (4.14): assuming the g¢(,...) function to be well
behaved and to vanish on the boundary of the integration domain D, it holds

0 o (e~ —t)
/dk dt kO e~ k0t 1) (’“_):/ dk ki 1<>g(t,...)

2 21 7 at
0
— —Z/ %dt I: efiko(t/,t)gof, o )) N e*iko(tlft) ag(gt)]
(4.26)
= — / Lw [e—iko(t’—t / dikodt —Zko(t/—t)m
p 2m }aD ot

o ARY o ag( L) dg(t,...)
= 7dt ik (t t); — /dt t/ —t YA\ ) )

Z/D o ot ' o =05

Then we can summarize these results as:

A& oo _ /
/(%)6 RO gt ) =6t —t) g(t,...) (4.27a)
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o ot

0 N / “ ..
/Cg“ dt K0 e W=D (g, ) :i/dt 5(75'4)M : (4.27D)
i

which we may apply to our expression (4.25) to obtain:

2

1 Mg Mp Me Va,i

A(Qg) = S—Cd E T /dtldtgdtg (—m> 5(t1 — t2)5(t1 - t3)
a,b,c=1 a

X/dde d%s; < 1 11 )
(2m)4 (2m)4 \ [k2 +k3|? |ka|? |ks|?
. (2 + (=2 +ca) v?) ik (xa(tr)—xe(t2)) O [ 2H (224 ) 05(t2) ey 1) 0(12))
2y/1 -2 Ot 2y/1 — v (t2)
i [ 2+ (224 ) V) i (xal) oty O [ 2 (Z24 Ca) VE(E3) iy (41) e 1)
2,/1 — 02 Ot 2¢/1 — v2(t3)

2
1 a c a,i
e e gyt (_v,> 5t — t2)5(ts — 1)

:Sicd A4 V1 =02

a,b,c=1

d d

/d ks d%ks < 1 11 )eikg-(xa(tl)xb(tg))+ik3-(xa(t1)xc(tg))
(2m)d (2m)d \ [ka +k3|? [ka|? [k3|?

2+ (—2+ 2 24 (=2 + ¢g) v? . V- a
ké ( ( C(;) Uc) ( d) b (—ZkQ . Vb) —+ b7§§ (QCd -2 —+ 05(2 —_ Cd))
21— 02 N 21— )}

v (2+(2+0d)v§) (2+(2+6d)vg(ik3'vc)+w(2Cd2+vg(20d)))]

2,/1 — v? 21 —vg 2(1 —22)

We can now perform explicitly the integration over the time integrals [ d¢odts, and rename t; — ¢,

(NI

(4.28)

to obtain:
1 2 Mg Mp M v
a b c a,t
= Mameme [y (o Ved
o =gy 337 o (- e
Ay, 1d
/ d’kz d’ks < 1 11 ) ke (%a (8) =5 (1)) ik (xa ()= (1))
(2m)d (2m)d \ [ka + k3|? [ko|? [k3|?

(24 (=24 ca)v2 (24 (=2+ca) v}, Ve a
k;é ( ( Ci) UC> ( d) b (—Zk2 . Vb) 4 bi;ﬁ (ch — 24+ 05(2 — Cd))
2,/1 — 02 Qm 2(1 —v?)>

Y (2+(2+cd)v§) (2+(2+0d)03(ik3_v0)+vc'ac(2Cd2+vf(26d)))]

2,/1— v 2/1 — v2 2(1 - v2)?

2
_ L mamyme / a [ v / A%k ATK3 ity (1) =y () ks (a (6) e (1)
8cq o~ At 1—2 (2m)d (2m)@
1 1 1 b,c i 1 bc i b i .0 b i
X <’k2 4 k3]2 ‘k2‘2 ‘k3|2> (Cf,j )(t) k3 k"% + Cé )(t) k3 + C;,j )(t) k2 kij’) + Cg )(t) k2> )
(4.29)
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where we defined the coefficients

() = i

1,j

2+ (=2 + cq) v <2+(—2+Cd)”3 ) (4.30a)
o | s ’

/ 2
2 1—05

2+ (=24 ¢q) v3 :
Céa,ﬁ) (t) _ ( d) B ( Vo * Qg _ (2Cd — 24 Uczy(2 _ Cd))) ; (430b)
2\/@ 2(1 —v2)2

in which all the quantities are now evaluated at the time ¢. In particular we also introduced the
acceleration of body a as:

dv,(t)
dt 7’

aq(t) (4.31)

and its scaling in the PN parameters is |a| o< k% o VG 3L 3.

B Summation over the worldline indices

We can now perform the summation over the worldline indices a,b,¢ = 1,2. In particular, as
already pointed out, in full generality we’ll fix a = 1, and perform the summation over b and c only,
taking care of adding the (1 <> 2) terms at the end of the calculations. Therefore, understanding
the time dependence of the worldline positions x and of the C7 and Cy coefficients, we obtain:

1 my V14 d%, d%k; 1 1 1
Aag) = o7 [t - - d d 2 2 2
8cq A 1—v? (2m)¢ (2m)¢ \ [ka + ks|* [ka|* [ks|

x [mamy (COV R+ CEV K+ Y ks + 8 k)

+ my Mg e'K3 (x17%2) <C£1j72) kL ké + 05172) kL + ijl) k5 k% + 05271) k%) (4.32)

o+ mymy e 0= (P k] 4 OV kG + ofP K k] + oY k)

g my ekt Ca =) (032 ki 1 O i 4 O i+ O g )|
+(1+2).

B Recognizing loop and Fourier integrals

We can notice that the summation over the worldline indices, which we just performed above in

equation (4.32), produces a series of terms with different exponential: for example the argument of

. . C . . Mo . _ Mew. _ a=1,b=1,c=1
the exponential of the first term is vanishing, as it comes from ez (¥a=xs)+iks-(xa—xc) T2, o0,

while the other terms have different combination of momenta ks or ks which multiplies the difference
of the worldline positions (x; — x2).

It is then useful to denote such a difference between the positions of the worldlines with the spatial
vector r, as:
r(t) = x1(t) — xa(t) ; (4.33)

and to recognize the spatial momenta k which multiplies the vector r in the argument of the
exponential, or the linear combination of spatial momenta, as the Fourier momenta p. In practice
this amounts to performing a change of variables, but as long as we trade just one k integration
momenta which appears in the exponential for the p vector, the Jacobian of the transformation
will be equal to one.
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Performing explicitly the aforementioned steps to formula (4.32) we obtain:

1 m V1
Azg) 8ch4/ < m)
L1) (1 .3 i 1.J 1,1 /4 i
diliey dticy ((CF5Y (55 + ki kD) + C5°Y (4 ) )
Xymw/éﬂw%ﬂ [z + k| [ko|? [ks|?

1,2) 449 1,2) 4 2,1) ;4 4 2,1) 74
d%, dip . <C§,j )p ks +C§ )p +C£7j )k2p] +C§ )kz)
+my mg/ pr

(2m) (2m)7 ¢ ka + pP [l [pP 430
2,1) 734 4 2,1) 74 1,2) 449 1,2) 4
. /ddp ey ip'r(Cij)k:gp’JrC’é D+ P i+ 8 )
mo e
2T 2myd (2m)d Ip + ks|? [p|? |ks|?
pr C ) l_kl kj
Fmams [ e e~ (O )8

+ 8P (¢ = k) + Oy (7 — ) + CEV k)| + (1 2).

4.3.2 Evaluation of the integrals in the spatial components of the momenta

To continue we have to evaluate the integrals in the spatial components of the momenta. Let us
recall from section 4.3 that at this point it would be better to first evaluate all the loop integrals in
expression (4.34), then to collect common terms, and only after to independently evaluate all the
Fourier integrals; this is actually the procedure we implemented in the Mathematica code which
will be presented in the next section 4.4. However, in order to not clutter this pages too much, we
find it useful to single out the several integrals in the spatial momenta which appear in expression
(4.34): let us then define

e (4:352)
e (4:350)
500 = [ e ame " R (4350
rie) = | <(2ijrl>)d <§il>{d P KR rik —oF (4:35d)
I = /g;l'{)z (d?C:{)Qd k1 ? !kf;i ﬁi Tl (4.85¢)
=/ girkw girl{)d P \k Fiol (4.351)

With these definitions, up to some spatial momenta redefinition and k — —k change of variable,
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which are transformations with unit Jacobian, equation (4.34) can be cast into:

1 my vy 1L1) 7ji . gij 1,1 i
Aeg) = gont /dt (‘) {ml mi (Cij "+ )+ o )(216)>

V1 —vf

S B + M ) + e (-1 () + oY (- 1)

+ m1me (C § 1

(
1
(2,1) ij (2,1) i (1,2) ji (1,2) /gi
+mymy (CEY (~ () + C8Y (<) + ¢ (- () + A (1))
Fmama (0@2) (B (x) + 17 (v) + OS2 Ii(x) — 2057 17 (r))} Y (142 (4.36)
1y U1 (1,1) (pji | 7ij (1,1) /o i
+2mims (C5Y (—H'() + C8 1) + 5 (-1 (1) + oY (- 1))

g my (CEP () (1) + 1 (1) = 217 (1) + O 1)) | + (1 & 2).

We’ll now show explicitly the full evaluation of the integral Ii'j (r), given by formula (4.35a); the
evaluation of the other integrals, defined in formulae (4.35), proceeds in a similar way, hence we’ll
directly present the related results at the end of the section.

In order to evaluate the integral I {j (r), we'll first have to evaluate the innermost loop integral, in
the k spatial momenta, and only at the end the Fourier integral in p. Hence we’ll recast formula
(4.35a) as:

’ dp 1 [dk KK
[7(r) = ip . 4,
20 = [ i ™ op | o e (4.37)

=1 (p)

We’ll now proceed with the evaluation, starting from the integral I/ (p), and to do so we’ll resort
to the multi-loop techniques which have been presented in section 2.2.

B Tensor decomposition

Because the integral I*/(r) carries tensorial quantities at the numerator, the first step in its evalua-
tion involves the tensor decomposition of the integral, a procedure which has already been explained
in section 2.2.2. To recall it briefly, such a procedure has the goal of disentangling the tensorial
structure from the integral calculation, in order to simplify the evaluation of the latter: the integral
in the end will yield scalar form factors, which will be multiplied by tensorial quantities.

In this particular case, as the integrand depend on the external vector p, the tensor decomposition
yields:

I (p) = Fi(p) 8 + Fa(p) p'p’ (4.38)

with form factors

11 A% (kPpP - (k- p)?)

R el v e o (439
11 [ d%k (d(k-p)— [kPpP)

Fo(p) = (d—1)|p|* / (2m)d k|2 [k — p|? (4:390)
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B Integrand manipulation

The next step in the evaluation procedure of the loop integral I/ (p) requires the expression of the
integrands which are present in the previous form factors (4.39) as a function of the denominators
only: this step has been presented in section 2.2.3, and can be accomplished by employing relations
between the scalar products of the several vector quantities.

In both form factors the denominator of the integrated in this particular case is the product of Dy
and Dy, both to the power of 1, where we defined

Dy = [k, (4.40a)

Dy =|k—p|*; (4.40b)

with this convention we can then rewrite the only other k-dependent quantity which appears in
the numerator, which is (k- p), as a function of Dy and Ds; in fact |k — p|? = |k|> — 2(k - p) + |p|?,
hence:

(k-p) == (D1 — D2+ pf) . (4.41)

1
2
In this way we may rewrite also the numerator of the integrand as a sum over a series of terms
involving only powers of D; and Do, and possibly constants in k like the term |p|?; doing so we
may rewrite formulae (4.39a) and (4.39b) as:

Fi(p) = 11 / d’k [14Di|p|* — (D1 — Dy + |p|*)?
W=l ) o (4 D, Dy .
RS Yaeh
= 1 1 /ddk ’p‘z_g_&_ ‘p|4 +2_2@+2@
4(d - 1) ’p’Q (27T)d DQ DQ D1 D1 DQ D2 D1 ’
Fyp) = L 1 / di%k [1d(Dy — Dy +|p[*)? — 4D1|p|?
T @-nipl ) e |4 Dy Dy iz
o d 1 / dk DL Dy Ipl* , L [l 4]pP '
4d-1)p|*) 2n)d | Dy Dy  DiDy Dy Dy d Dy’

B Scalar integral evaluation

The last step in the solution of the loop integral I/ (p) is the explicit evaluation of the integrals
which appear in the form factors cast in the form (4.42), which are denoted as scalar integrals.
In full generality this procedure is usually accomplished by first reducing the scalar integrals to
a smaller set of master integrals, as explained in section 2.2.4, and then by explicitly evaluating
only these master integrals, for example as explained in section 2.2.5: we perform explicitly these
computation in appendix C.5.

Nonetheless, for the case at hand, the solution of the integrals which appear in formulae (4.42) can
be obtained in full generality for arbitrary values of the exponents of the denominators, as it’s been
explicitly derived in appendix C. Therefore we may directly evaluate formulae (4.42a) and (4.42b)
by recognizing that in this particular case it holds

d?k 1
/ (27T)d Do Dg(p) = IS,lL(d’ a, b) [p] ’ (4.43)

where Igy, is the scalar integral (C.7) which has been explicitly evaluated in section C.2.1. Per-
forming the computations, one finds that in formulae (4.42) only the scalar integral Ig17,(d, 1, 1)[p]
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aT(2-4)(r(4-1))"
)

is non vanishing and instead yields Is17(d, 1,1)[p] = 27972 T
factors read:

|p|?~%; hence the form

—d—o 4 _d d 2 2d (3—d)
F1(p) — _2 2T (2 2) (F (2 1)) ’p‘d72 — 2- 2 ‘p|d 2 , (4'4421)
(d—-1) I'(d-2) sin(d%) D(44L)
d T@E-9)(T¢-1))? 9-2d £ 5%
Fy(p) = 9—d—2_—% 2-5)T(E-1) Ipl“ = —d Ipl9—t ; (4.44D)

(d—-1) I'(d - 2) in(dg) M(“5)

where we used the properties of the I' function presented in appendix B.1. Therefore, recalling the
decomposition (4.38) for the loop integral I*/(p), the full initial integral I '(r), given by expression
(4.37), now reads

R L T 92 5" d—2 sij d—4 i j
e = [ o © |p,2<<sm( FEIGE )>(|pr 67 —dlptpip) | . (445)

B Fourier integral evaluation

The last step now requires us to perform the inverse Fourier transform integral which are left in
equation (4.45). In general, as pointed out in appendix C.5.3, we would proceed in a similar way to
what’s has just been done, so by first performing a further tensor decomposition on the integrand
in order to obtain scalar integrals only, with r the external vector quantity which may enter in the
tensor decomposition, and then evaluate the scalar Fourier transformations: this procedure is what
has been implemented in the Mathematica code.

Nonetheless for simplicity in this section we’ll directly use the results for the Fourier transform
which have been obtained in appendix C.3, and in particular formulae (C.31) and its tensorial
generalization (C.33). Doing so equation (4.45) reads:

id 272d71'<3;d) d— _d T (d — 2) _ ij
Ilj(r): (Sm(d;r)r(d-gl)> ((2 477' QI‘(T_%)|I‘|4 2d5 )
v _al'(d—2 _ i
—d(Qd S zr((_gim“ 2d (5 + (4 —2d)‘ 2))) (4.46)

__24d’_d I'(d— )r4—2d LA
_< sin(d%) [(45L) r(3—g)|| )(5 d\r!2> ’

which is the result of the integral (4.35a) we were looking for.

B Evaluation of the other integrals

The evaluation of the other integrals defined in equation (4.35) goes along in a similar way; therefore
in equations (4.47) below we present directly the final results, by using the formulae derived in
appendix C, for example also equation (C.32).

dp d% k' ke 9~4=dp3=d T(d—1
Izj( ) / p d P . . o= 7T2d . ( d) ’ ’4 2d (5” d2>
(2m)d (2m) lk|?|p|? [k — p| sin(df) T (%) INGEE x|
(4.473a)
d?p d?%k ki p? 261dr 4d_1 J
I”( ) = / > d et 2 zpj 2 = T (2 d) ‘r’4_2d (51] 2(d — 2)T Tz)
(2m)® (2m) k[? |p|* [k — p sin (df) (3 — 5) x|

(4.47b)
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s 8 st o
100 = [ G e e i iimS(jg)d; g - ;; T (dnd)
%= [ Gy o el ﬁi Fiop ~ 470
= | G TP TP IR = (470

In particular we can notice that it holds I%(r) = 2 I%(r), where the factor of two is due to the tensor
decomposition and relation (4.41). Furthermore we find that integrals I gj and Ié, given by equations
(4.47e) and (4.47f), are identically vanishing: the integral I¢ is vanishing already at the level of the
tensor decomposition, because the integrand doesn’t depend on any external vector quantity which
has only one free spatial index (like r), and therefore must be vanishing. The integral I’ instead
could be proportional to the Kronecker delta, I, éj o 0%, but the resulting scalar integral is scaleless
(as it was also in the case of the Ié integral), i.e. it depends on no external quantities: as explained
in section 2.2.1 these scalar integrals are actually vanishing.

B Final result of the diagram

Having evaluated the integrals, we can now use these results in equation (4.36). In particular, from
(4.47b), we can notice that 5/ (r) is symmetric, 15’ (r) = I3'(r). Therefore we obtain:

A2g) =

* K(mQ a5 ((di 1) <U{ -d-2 (r\;gl)rj») (4.48)



120 Chapter 4 — Post-Newtonian conservative corrections

and we can then substitute the explicit expression of the C' coefficients, defined in equation (4.30),
to obtain the final, full expression for the diagram (2g):

—1) mymy & |42 (2 4 (cg — 2) v3
3—4) A VI 2y/1 -3
(

24 (=2 + ¢cq) v3 1 (d—2)? . -
<_m2< 2 102 2) ((d—l)(vl'm_ (d—1) (r'vl)(r'v2)>>

2+ (=2+ca) U%> (0F + (vi-va) = 2(d = 2)(F - v1) (- v1) + (£ w))))

+ <2 mi (M"lg’al) (26d -2+ U%(? - Cd))>

2y/1—v?

2(1 —v})2
(2 (24 ca)of ) ((rvi)(va-ag) (260 — 2+ v(2 — ca))
! 2y/1 — 02 (1—v3) 2+ (—2+cq)v3
(r-vi)(ve-ag)

(4.49)
To evaluate the potential, we can then expand the above result around d = 3, obtaining:

d=3 .o o 1 1 1+ v3
Ay ‘2 —i2G /dt
(29) (4 mima MQ \/1_1}% (\/l —v%
1+ v3 1 1. .
(—mQ <%1 = U%> (2(V1 v2) = 5 (Beva)(E- V2)>>

- <m1 (%) (vF + (v v2) = 2(F - v1) (B vi1) + (B V2)))>
(4.50)
I <2m1 <(I‘ . V1)(V1 . al) (3 - ’U%))

(1-v})2
(Aot [(Evi)(va-ag) (3 vh)
\yioe (1-v3) 1403
my [(E YDV 22) 0
’ ( ot O )>>

and finally expanding up to 2PN order we obtain:

X

+(1+2)+0(d-3) ;

. G2mym N
A(Qg) =1 /dt |:‘I“122 (2 ’I?’Lll}% + (2 mi — mz) (V1 . Vg) —4my (I‘ . Vl)2

(4.51)
+(—4mi +ma) (£-v1)(E-v2))] + (1 2) +0(d—3) + O(L°) .

From equation (4.51) we can then read the contribution of diagram (2g) to the 2PN potential, i.e.

by explicitly adding the (1 <> 2) term, recalling also that in general r M —r, we obtain:

G*mim . .
V(QQ)(t) = % (2 mlv% + 2m2v§ — (m1+m2) (B(F-vy)(F-vy) — vy Va)

(4.52)
—dmy (£-v1)® —4mg (§- V2)2) + O(LUG) ;
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which exactly agrees with the result reported in reference [235], in which the corresponding contri-
bution is the sum of diagrams (m) and (n).

4.4 Mathematica code for the automatic evaluation of conservative di-
agrams

We implemented the general procedure for the evaluation of generic conservative diagrams, which
we discussed in the above section 4.3, in a Mathematica code.

In particular this code is able to evaluate the generic expression of a conservative diagram, exact
in the velocity v (up to propagator insertions) and in the space dimension d, once one specifies
the action terms for the bulk actions, which for example we reported in equation (3.35), and the
results for the master integrals that are left after the integration-by-parts procedure. In particular
we obtained the expression for the bulk action, up to 2PN, by using the FeynRul.m module of the
EFTofPNG package [249]; instead we explicitly evaluated the master integrals needed up to 2PN
(which where up to 2-loop Feynman integrals) in appendix C.2.

Therefore, once initialized the code (loading quantities precomputed by the code itself to speed up
the subsequent evaluation), and created the diagram (by specifying the relevant Feynman rules, the
propagators and the symmetry factor), the code automatically evaluates its expression, exactly in v
and in d. Eventually such expression can also be expanded around d = 3 and in the PN expansion
parameters to obtain the expression for the corresponding conservative potential.

In fact we employed this code to evaluate the diagrams contributing to the 2PN order, as we report
in section 4.5, finding exact agreement with the results of reference [235]. Then in section 4.6 we
also employed this same code to evaluate a few selected conservative diagrams contributing at 7PN
order.

The actual Mathematica package, written as a separate .wl package with 2000+ lines of code,
implements the functions needed for the actual evaluation of the diagrams. In particular each
diagrams is represented via a structure, which contains the several mathematical expressions asso-
ciated to such diagram: these expression are actually are kept split in homogeneous sub-expression,
which are processed separately in order to simplify their evaluation. The package then implements
routines to perform the necessary manipulations and simplifications of these expressions, the tensor
decomposition procedure, to solve the temporal sector (for example by exchanging the temporal
components of the momenta for time derivatives, performing the relevant integrations and enforcing
the temporal Dirac deltas), to evaluate the multi-loop Feynman integrals and the Fourier transform.
In particular the needed tensor algebra is performed using the xTensor package [261], whereas the
evaluation of the loop integrals is performed by interfacing with the LiteRed package [216, 217,
262] for integral reduction via integration-by-parts identities; the resulting expression, which is a
function of only a few master integrals, is then separately evaluated using the results reported in
appendix C. Finally we also implemented a routine to expand the exact diagram expression so
obtained around d = 3 and in the PN expansion parameters, to obtain the corresponding contribu-
tions to the potential. Furthermore the worldline Feynman rules can be computed to any arbitrary
order directly in the library.

The procedure which we implemented in the code is also schematically represented in the flowchart
in figure 4.7.

Furthermore in appendix D we report some extracts of the code, also showing as an example how it
can be used to compute diagram Ay, which is the one we just evaluated explicitly in section 4.3.
Even though the library isn’t particularly optimized (if not for the precomputation of the tensor
decompositions and the integration-by-parts basis), the evaluation of the diagram A(24) reported in
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Generate the Feynman diagram
by combining the relevant Feynman rules

Precompute the Feynman rules,
the IBP basis relations, and
the tensor decompositions ‘

1 Optimize the algebraic manipulations: )

e Separate scalar and tensor quantities
e Enforce momenta conservation Dirac deltas

e Split temporal and spatial components

Solve the temporal sector:

e Trade powers of temporal momenta {£°} for temporal
derivatives

o Integrate over the temporal momenta {k’} to obtain
temporal Dirac deltas 6(t; — t;)

e Integrate Dirac deltas over the time variables {¢;}
. J

Tensor algebra evaluation
via xTensor

Prepare the spatial integrations:
e Sum over the worldline indices

e Recognize the loop and Fourier momenta

Evaluate the loop integrals:

e Perform tensor decomposition to obtain scalar Feynman
integrals

e Recognize the IBP basis

e Perform IBP reduction to master integrals via LiteRed
and Mint packages

e Solve the master integrals

Evaluate the Fourier integrals:
e Perform tensor decomposition
e Recognize the Fourier integrals
e Solve the Fourier integrals

|

Expand the exact diagram result to obtain the potential:

e Perform a Laurent expansion around d = 3

e Expand up to the desired n-PN order, (9(1}2")

e Sum (1 + 2) terms

FIGURE 4.7 Flowchart of the Mathematica code developed for the evaluation of a generic conservative
diagram.
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appendix D (which is performed by the automaticEvaluateDiagram function) runs in about half
a minute on a standard laptop computer, and the potential is obtained in a few more seconds from
that exact relation. In particular a great portion of the time is being spent on the simplifications
of the intermediate and final results of the evaluation, via the standard Simplify command of
Mathematica.

4.5 | Conservative contributions to the potential at 2PN order

In this section then we report the results for the conservative sector up to 2PN, which represent
a next-to-next-to-leading order correction to the Newtonian potential. In particular we computed
these results using the Mathematica code just outlined above in section 4.4.

These results we found are in exact agreement with the results of reference [235]; yet to explicitly
show this we have to perform some integration by parts, using in particular the following relations:

dr
a =V =V] — V) (453&)
d
d—::V-f':(Vl-f')—(VQ-f) (4.53b)
I 1 1
% = (Vo R(vE) = (Vi Ve - B (Vi) R (V2 B)) (4.53¢)

/dt (a1 - 7) —/dtd <(V1 'f)) +/dt:2 (2(v1-#) (vi-£) — (Vo 7)) — 02 + (v1 - v2)) (4.54a)

/dt (aQT' ap /dtjt <(V2 . f’)) +/dt:2 (2(va-8) ((vi-£) = (va - B)) + 05 — (vi-va)) (4.54b)

Additionally the computation of this diagrams resulted in new master integrals, up to 2-loop level,
which we explicitly evaluated in appendix C.2.

Then below we report the expression for the relevant diagrams, already expanded to the 2PN order
and around d = 3; in particular we already singled out the contribution to the potential inside the
square bracket; and already summed the (1 <> 2) terms.

B Diagram (2a)

N

AN
AN
AN

.A(ga) = (2 +(-2+ cd)vf)

/dt im2m3n—34/2,6-3d
65536¢3 (—1 + v2)” (=1 4 v2)? AS
x (4—2(4—2cq+ c?l) v? 4 (=2 + cd)%il) 2+ (—2+ cd)vg)

3
x (4—2(4—2cq+cq)v3 + (=2 +cq)®v3) T (-1 + Z)

307200, 2
:—i/dt [—Gmlmz] + O(L%)

r3

a9
o o

+ (1+2)

(4.55a)
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This result agrees with the corresponding (s) diagram of reference [235].

B Diagram (2b)

3 2 2
G m1m26£?1 +m3) +0O(Lv°) (4.55b)

This result agrees with the corresponding (q) diagram of reference [235].

B Diagram (2¢)

{®

°N . 0
Y ) GPmima (m? + 6mima + m3
A= ¢ ° =—i /dt - ( 137'3 2) + (’)(Lv6) (4.55¢)
o o

~N

<

This result agrees with the corresponding (r) + (t) + (u) diagrams of reference [235].

B Diagram (2d)

¢ 7\ A 4G*
Agay =/ = /dt [‘Zlm(ml +ma)(vi - va)| +O(Lv°) (4.55d)

This result agrees with the corresponding (h) diagram of reference [235].

B Diagram (2e)

® /R\ ¢ G2%m,
Afge) = @ o= /dt % (m1v} + mavs +mur(ay - £) — my(vy - £)?
o © - —my (r(ag - ) + (v - f')2))] +O(L 1)6)
=—i /dt GQ;TZmQ ((m1 4+ ma)(vy - va) + my(vy )2 4+ ma(vy - 1)?

—2(my +ma) (v - 1)(v2 - £))] + O(Lv°)
(4.55€e)

In the last equality we employed formulae (4.54a) and (4.54b) to recast the result in the form of
reference [235] (diagram (i)), by adding total time derivatives to the Lagrangian.
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B Diagram (2f)

?
[ G2
Ao =g 1o =i far [SEEE (= (i smaped) — (o
o o —8(m1 + mg)r(al . f') + 8(m1 + mg)r(az . f') + 4my (Vl . V2)

+4m2(v1 . VQ) + 13m1(V1 . f’)2 + 16m2(v1 . f‘)2
—8(my 4+ ma)(v1 - £)(va - £) + (16my + 13mo)(v2 - £)%)] + O(L1°)

= —4 /dt |:ng;gm (—4(m1 + mg)(vl . VQ) — ma (Vl . f‘)2 — mg(Vz . f‘)2
+8(m1 +ma)(vy - T)(ve - T) + mlv% + mgvg)} + O(L UG)
(4.55¢)

In the last equality we employed formulae (4.54a) and (4.54b) to recast the result in the form of
reference [235] (diagram (j)), by adding total time derivatives to the Lagrangian.

B Diagram (2g)

o
A , G? A A
Apgy = ¢ e =-i /dt [7:217”2 (2m10] + 2mov3 — 3(ma + ma)(vy - £)(va - 1)
o © +(my +mso) (v - va) — 4my(vy - 1) — dma(vy - f')2)] +O(L 06)

(4.55g)

This result, which we also evaluated thoroughly in section 4.3.1, agrees with the corresponding (q)
diagram of reference [235].

B Diagram (2h)

?
I . 4G?mim
Afzn) = 0%40 o /dt [_,«212 (mavf +mav3 — 2(ma +m)(vi - v2)) | + O(L0")
(4.55h)
This result agrees with the corresponding (k) + (1) diagrams of reference [235].
B Diagram (2i)
©
Lo , G*mim
Ay = ¢ g = /dt [270122 ((4mq — ma)v} — (mq — 4mo)v3
o © +(=8my + ma)(vi - £)2 + (m1 — 8my)(ve - 1)?)] + O(L %)
(4.551)

This result agrees with the corresponding (o) + (p) diagram of reference [235].
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B Diagram (2j)

2G
A = 7 = —i/dt [nzlmg (vivs — (vi-v2)?) | + O(Lv°) (4.55)

This result agrees with the corresponding (f) diagram of reference [235]

B Diagram (2k)

?
@
Aory = 2 ® = —4 /dt [GmlmQ (r2(a1

3 ay) + r2(a; - #)(ag - 1)

° +rvi(ag - #) — rvi(ay - #) — 2r(ay - vo)(va - 1) + 2r(ag - vi)(vy - 1)
+r(a;-1)(ve ) —r(ag-1r)(vy - r)2
—vivg — 2(vi - va)? +ui(va - 1) + 03 (vy - £)?

+4(vy - va) (v - B)(ve - £) — 3(vy - £)* (v - £)?)] + O(L0°)

>

(4.55k)
This result agrees with the corresponding (c) diagram of reference [235]

B Diagram (21)

o
A 2G
.A(Ql) = % = — /dt |:—n:1m (T2(a1 . ag) + T'(ag . V1)(V1 . f‘) — r(al . VQ)(VQ . f‘)
o

+(vi-va)(vi-T)(va 1) — (vy -v2)2)] +0O(L UG)

(4.551)
This result agrees with the corresponding (e) diagram of reference [235]

B Diagram (0a) at 2PN

. Gm1m2 .
‘QPN =t /dt [_ ] (7 v+ 181)102 + 7”2) + O(L Ub) (4.55m)

This result agrees with the corresponding (a) diagram of reference [235]
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B Diagram (1a) at 2PN

R
¢ // \\ ¢ 3G2m1m2
. 2 2 2 2
A(1“)|2PN = K ' ‘QPN =—1 /dt [47‘2 (2m1v] — 3maovi — 3myvs + 2mov3)
/ \
° ° +0 (L v6)
(4.55n)
This result agrees with the corresponding (g) diagram of reference [235].
B Diagram (1b) at 2PN
_ A . 2Gmimg , 5 8
‘A(lb)‘QPN = oy =t dt — (v +v3) (vi-v2)| + O(L0°) (4.550)

(o]

This result agrees with the corresponding (d) diagram of reference [235].

B Diagram (1c) at 2PN

?
@ mim
Ao lypy = ’2PN = _i/dt [3G4;2 (2r ((ag - v2)(vi-T) — (a1 - vi)(va - 1))
° — (08 +v3) (vi-v2) — (vi-£)(va - 1)))] + O(L2°)
(4.55p)

This result agrees with the corresponding (b) diagram of reference [235].

4.5.1 Contribution of order 2PN to the conservative two-body Lagrangian

The full 2PN potential, in harmonic gauge, is given by the sum of the contributions (4.55a) through
(4.55p), which reads:

G3m1m2
273
G2m1m2

42

AVopn = — (m? + 6mymy +mj3)

(8m1v% + Tmav? + Tmyv3 + 8mgv3 — 14(my + mg)(vy - Vo)

—|—2m2(v1 . f‘)2 + 2m1(v2 . f‘)z)
B Gmims

8r

(7o} + 3v3v3 + Tvg + 1572 (a1 - az) — rvi(ag - #) — 1007 (v - v2)

— 1003(vy - va) + 2(vy - V)2 + 14r(ay - vi)(vy - ) — 12r(ay - vo)(vy - 1)

— (v -2)2 4 r(ag - #)(vi - )2 + 12r(a; - vi)(ve - 1) — 14r(ay - vo)(vy - 1)
— 6v3(vy - T)(vy - 1) — 603 (vy - £)(Vy - £) 4 12(vy - vo)(vy - ) (Ve - 1)
—v3(ve £)? +3(vi - 1)} (vo - £)? —r(ay - £) (03 +r(ag - £) + (v2 - £)?))

+ (’)(L v6) .
(4.56)
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Let us recall that the dynamics of the system are prescribed by the full Lagrangian L =T — V,
and so we have also to consider the corrections from the expansion of the relativistic kinetic term
(3.34b), which at 2PN gives the contributions:

1 1
ATypy = Emlv? + Emw? ; (4.57)

and therefore the 2PN contributions to the Lagrangian are given by (4.57) minus (4.56):

Lopn = ATopy — AVapy . (4.58)

4.6 | Subset of conservative contributions at 7PN

In order to show the flexibility of the Mathematica code that we wrote in order to evaluate conser-
vative diagrams, which we outlined in section 4.4, we’ll present the results regarding a small subset
of diagrams which contribute at 7PN (v'4) in the conservative sector.

These results are some of the N'LO corrections to the Newtonian potential: to the best of our
knowledge they are not present in the literature, which explicitly discuss post-Newtonian corrections
up to the 6PN order; with some results eventually obtained also by complementing information
from other approximation schemes, such as post-Minkowskian and self-force, as in the Tutti- Frutti
method [20-23, 63-65, 77, 78, 173, 263]. However, since below we’re considering only diagrams
with at most 4 worldline vertices, it means that we’re evaluating conservative contributions that are
contained in up to the third conservative post-Minkowskian (3PM) order, which has been derived
recently [69, 74, 158, 264-270]; in fact the diagrams that we’re considering are also somewhat
trivial, since they don’t require the evaluation of any new master integral. Nonetheless the post-
Minkowskian results are related to the results obtained by summing over all the corresponding
post-Newtonian diagrams, while here instead we’re explicitly and independently evaluating each
diagram in the post-Newtonian framework.

Therefore, as an example, let us consider the contribution coming from all the diagrams we’ve
computed so far: having evaluated diagrams A,y to A(g) exactly in v (whose contributions at
2PN are given in equations (4.55a) to (4.55p)), we can directly evaluate their contribution at the
7PN level (so their contributions of order O(Lv'?)).

In particular, we will define # = /47 pur, with the p parameter coming from the renormalization
of the Planck mass via the definition (3.25) of the d-dimensional A coupling constant; « is the
Euler-Mascheroni constant (B.9). Then in this result we will also find logarithmic terms log(7),
which depend on the arbitrary scale u: they arise starting from the 3PN order, nonetheless they’re
expected to cancel out once we evaluate any physical observable [57].

We have also to point out that this result won’t be complete: in fact for some bulk vertices, which we
derived in appendix A.2, we’re considering only the lowest order contribution for their expression.
Yet in the Einstein-Hilbert Lagrangian there could be terms with more temporal derivatives, instead
of spatial derivatives: these terms contribute at higher PN order, as we evaluated in the power-
counting formula (3.60). Then in the following formulae ((4.59) and (4.60)) we will omit these
terms, which nonetheless must be considered in order to obtain the full 7PN result corresponding
to the aforementioned subset of diagrams, also regarding the divergent % part.

Given this premises, the evaluated expression reads (here the ellipses understand the fact that we
actually dropped most of the terms of order G' and G? since the full expression was too long, yet
we show the full result for the G terms):
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A‘/7}:'N,su,l)set =
G3mima (

o3 2 (4743010 + 227370308 + 50694v30F + 67650v5v + 510750507 + 16093v3°)
"

—2048mamy (Tv1° — 27v30F — 68v3vS — 68vSvT — 27v80T + Tv30)
+m3 (16093v1% + 51075v30F + 676500505 + 50694v5v] + 227370807 + 4743v3°))

G2myima

1447 (20480m 1012 4 36827maovi? + 198656m 103010 + 148604mav3vi® — 40960my (v - £)201° — 7756ma(vy - #)%0i°
T

— 53248my (va - 1)%010 — 37240ma(va - £)%010 — 32768mr(ag - )vi® — 34580mar(as - #)vi°

— 65536m1 (vy - v2)vi® — 134008ma (v - v2)vi® 4+ 57344my (vy - 1) (va - £)vi® + 15512ma(vy - #)(va - )vi0

+ 232960m1v30§ + 231088mavavt — 143360a2m1r2v§ + 8192a2m1r2vf + 163840a2ymar2v§ + 49152a2ymir2e$
— 20720a2mar2v§ 4 76680a3mar2vt 4 21280a2ymar?v§ 4 14400a3ymar?v$ — 135168myv3(vy - #)20f

— 26280mav3 (vy - )20 — 92160m1v3 (va - #)%0f — 104400mav3 (va - £)208 + 327680a3myr? log(7)v$
+98304a3my 72 log(7)v§ + 42560a2mar? log(7)v$ + 28800a3mar? log(7)v§ — 49152myrv3 (as - #)vd

— 95400marv3(ag - £)vd + 163840ym1r2(j1 - v1)vd — 143360m1r2(j1 - vi)od + 21280ymar?(ji - vi)od

— 20720mar2(j1 - v1)v§ + 327680m172 log(7) (1 - v1)vd + 42560mar? log(7) (j1 - v1)v§ + 49152ym1r2(j2 - va)od
+8192m1 72 (j2 - v2)od + 14400ymar? (jo - v2)ovd + 76680mar? (ja - v2)vd + 98304m17? log(7)(jz - va)ovl

+ 28800m272 log(7) (j2 - v2)vd — 172032myv3 (v1 - v2)od — 245040mav3 (vy - va)ovd + 122880mr(as - vo)(vy - )0
+4320mar(as - vo)(v1 - £)v§ — 196608m7(ag - va)(va - #)v§ — 154800mar(asz - va)(va - #)ovd
+110592m1v3(vy - £)(va - #)vd + 38160mav3(vy - #)(va - £)v§ 4 240896m1v50$ + 240896mavsvs

+ 253952a%m1r2v§v? + 4096a§m1r2v§v§3 + 196608a%’ym1r2v§v? + 57344(1%'}/777,17"211§1J§5 - 17280a%m2r2v§v?

+ 187904a3mar2v3vé 4 57600a2ymar?v3v$ + 45056a2ymarZvivd 4+ 114688ymir?(ag - va)2o§

+ 8192m1r2(a2 . V2)2’U? + 520967m2r2(a2 . v2)2,U§3 + 152320m2r2(a2 . VQ)Q'U(I3 + 229376m 172 log(7) (a2 ~VQ)21J(13
+104192mar? log(7)(az - ve)2v$ — 121856mva (vy - )20 — 41216mavs (v1 - )28 — 52736m1v] (va - #)20§

— 129536mavs (v - #)208 + 393216a2m;r2v2 log(7)v$ + 114688a2m;r2v2 log(7)v$ + 115200a2mar?v? log(7)v?

+ 90112a2mar?v3 log(7)v§ — 28672m1rvs(ag - £)0$ — 115456marva(as - #)0§ + 196608ym1r2vZ (j1 - vi)v§

+..0)
G
- % (89101* + 57402012 — 133(vy - £)%v12 — 133r(az - #)vi2 — 1365(v1 - va)vi2 — 483(v1 - £)(va - #)vl? + 596vdv10
"
+ 4500372010 + 266(v1 - v2)20i® — 13302 (vy - #)20i% + 133r(ag - £)(v1 - )2 10 _ 29503 (va - 1)201°
+399(vy - £)2(va - 1)2010 — 133r(ay - #)(va - #)2010 + 133rv2(ay - £)vi0 — 225102 (ag - £)vi°

—133r%(ay - t)(ag - #)v]° + 45072 (jo - v2)vi0 — 21003 (v1 - v2)vi0 4 742r(az - vi)(vy - #)v°
— 1596r(ag - va)(v1 - r)vl — T42r(ay - v2)(va - f')fu%O —900r(az - v2)(va - f‘)vl — 798U§(V1 SF)(va f‘)v%o
+476(vy - v2)(vy - £)(va - £)vi0 + 4990508 + 1330a2r2v30f + 6164220308 + 123212 (as - va)20d
+...)
+O(Lv'®)
(4.59)

Furthermore the 7PN contributions also comprise the % (d = 3 + €) divergent piece:

AVV7PN ,subset,div —
G?mima l
192
+4(a; »vl) (m1 (750408 + 65520102 + 1806vivs + 407v§) + 2ma (665vF + 13500103 + 1056v7vs + 44805))
+4(az - v2)? (2ma (448vF + 1056v1v3 + 13500305 + 66505) + ma (4070 + 1806viv3 + 65520 v] + 75040F))
+5120m1 08 (j1 - v1) + 6144m1vS02 (1 - v1) + 2688myvivs (i - vi) + 1408myvu§ (j1 - v1) + 450m108 (j1 - v1

(24( -v1)(az - va) (m1 (2561}? + 224vfv2 + 1760305 + 751}3) + mg (75'0? + 1760 03 + 2240305 + 2561}3))

)
+ 665m2vS (j1 - v1) + 1800mavlv2 (j1 - vi) + 2112mavivg (1 - v1) + 1792mav?vS(j1 - vi) + 1536mavs (ji - v1)
+ 1536m1v1( jo - va) + 1792m1vlv2 (G2 - vo) + 2112m1vlv2 (j2 - v2) + 1800m 1 v7 ’US(JQ va) + 665m1v2 (j2 - v2)

+ 450m2v1( jo - va) + 1408m21}1v§( jo-va)+ 2688m2v1v‘21( jo - va)+ 6144m2v1vg( jo-va)+ 5120m2v2(,]2 va)

+ 5120a1m1v1 + 6144a1m1v1v2 + 2688a1m1v1v2 + 1408a1m11}102 + 450a1m1v2 + 665a1m2v1 + 1800a1m2v?v%
+ 2112a2mavivs + 1792a2maev?vs + 1536amavs + 1536a3m1v$ + 1792a3m1 0§03 + 2112a2mqvivs

+1800a3m1vivs + 665a3m1v5 + 450a3mavt + 1408a3mavivs + 2688a3mavivy + 6144a3movivs + 5120a3maevs) + O(Lv')
(4.60)
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which must be properly renormalized via a redefinition or shift of the worldline parameters [43, 57,
213, 271).

Furthermore below, as an example, we present the contributions of three diagrams which actually
first contribute at 7PN. In these results appear also higher derivatives of the position, hence we
introduced: the jerk j, which is the time derivative of the acceleration, so the third time derivative

of the position j,(t) = dj;a (t); the snap s, which is the time derivative of the jerk, so the fourth time
derivative of the position s,(t) = d;’i“ (t); and finally the crackle ¢, which is the time derivative of

— d®x,

the snap, so the fifth time derivative of the position c,(t) = %35 (t). Additionally, recalling section
4.1.2, we evaluated the symmetry factor of diagram (4.61a) to be %, of diagram (4.61b) to be
%, of diagram (4.61c) to be % Then the explicit expressions of these diagrams are:

-Q-
o 5o
Ay = 2Q °

o o

g

G?*mim
=—1 /dt {7% (v%vg —(v1 -vz)z) (9m1v%v? — 9my(v1 - v2)2vi — 18myvd (v - #)2vf + 18marv3(ar - #)vf
2 2

+ 9mav§v? + 652martv? + 9Imav3(ve - #)*02 + 9Imavd (va - £)40? + 24mar(as - va)(va - #)30? + 45a2myrude?
+ 45a2mar?eiv? — 36mar?(ay - va)20? + Imir2el(ay - #)20? + 72mar?(ag - va)20? + Imarel (as - #)2w?
202 —18myrv(ay - #)(v1 - #)20? — 18mavs(va - #)20?

+36a2mar? (va - £)20? 4+ 18marv3(ag - #)(va - £)202 + 36mar?(jz - va)(va - #)20? + 8mart(ag - s2)v?

—18myr(ay - #)(v1 -v2)2v% + 18m1(v1 ~v2)2(v1 - F)

— 18marvg(ag - #)v? — 36aZmard(ag - £)v? 4 2mart(ca - v2)v? + 48myr2v3(j1 - vi)v? + 48marvd(ja - va)vi

303 (s1 - #)vT — 3mardv3(ss - £)vd

— 36m1r2(j1 ~vo)(vy - vz)v% + 12m1r2v§(j1 SF)(vy - f")v% —T2mir(ar - va)(vi - v2)(vy - f)v%

— 36mar3(as - £)(jo - v2)v? — 24mard(as - v2)(j2 - #)v? + 3mar

— 72mar3(as - j2)(va - F)v? — 108marva(as - va)(va - £)vF + T2mar?(ag - va)(ag - £)(va - £)v?

+ 12mar?v(jo - #)(va - £)v? — 24marS(se - va)(va - #)v — 9ma (v - ve)2(vi - #)* — 9ma(vy - va)2 (v - #)*
+24mar(ay - vo)(vy - va)(vi - #)% — 2dmar(ag - vi)(vy - va)(va - £)2 + 652myrted + 72myr?e3(ag - vi)?
- 36m2r2v§(a2 . V1)2 — 6m1r4(j1 . V2)2 - 6m2r4(j2 . V1)2 - 9m2v§(v1 . V2)2 - 9a%m1r2(vl . V2)2
—9a3mar?(vy - v2)? — 9mir?(ag - )% (vy - v2)? — 9mar?(ag - £)%(vy - v2)? 4 18marvd(ag - #)(v1 - v2)?

— 12m1r2(j1 -vi)(vi -vz)2 - 12m2r2(j2 -va)(vi ~V2)2 — 3m1r3(sl 1) (va -vz)2 + 3m2r3(52 1) (va ‘V2)2
+ 36a3mirei(vy - #)2 — 36mar2(ay - va)2(vy - )2 + 18myr(ay - #)(vy - va)2(vy - )2
+36m1r2v3(j1 - vi)(vi - £)2 — 36ma1r2(j1 - va)(vi - va)(vi - #)2 — 36mar?(as - vi)2(ve - )2

+18mav3(vy - v2)2(va - #)2 — 18mar(ag - ) (vy - v2)2(va - #)2 — 36mar?(j2 - vi1)(v1 - va)(va - T)2

+ 8m1r4v%(a1 -s1) + 36a%m1r3v§(a1 F) — 36m17"3(a1 . V2)2(a1 SF) + 36m2r3(a2 . v1)2(a2 - )

+ 2m1r4v%(cl -vi) + 36m1r3v§(a1 )1 -vy) — 8m17'4(a1 ~v2)(s1-va) — 8m2r4(a2 ~vi)(s2 - vi)

— 72m2r2(ag -vi)(az - vo)(vy - va) — 2m1r4(c1 ~vo)(vy - va) — 2m2r4(cQ -vi)(vi - va)

— 36m17"3(a1 SE)(Jr - ve)(vi s va) — 24m1r3(a1 -v2)(j1 - B)(ve - va) — 36m27”2v§(j2 -vi)(vi - v2)

+ 36mard(ag - #)(j2 - v1) (V1 - v2) + 24mar3(as - vi)(j2 - £)(v1 - va) — 12mir2(§1 - £)(v1 - va)2(vi - F)

+ 72myr3v3(ay - ji) (v - £) — 72mard(ar - ve) (1 - va)(ve - £) + 24marSud(sy - vi)(vy - 1)

— 72m17“2(a1 -vo)(ag - ) (v - va)(vi - F) — 24m17"3(sl -vo)(vy - ve)(vy - 1)

+12mar(ay - vi) (2r2(j1 - #)v3 — 6r(ar - v2)(vi - vo)+(vi - £) (6r(ar - £)v3 + (90 — 2(v1 - £)?) v3 —3(v1 - v2)?))
+36mar(ag - v2)(vi - v2)2(va - 1) — 12mar?(jo - #)(v1 - v2)2(va - £) + T2mari(az - v1)(j2 - v1)(va - )

+ 72marv:(as - vi)(vy - v2)(va - £) — 72mar?(as - vi)(az - #)(vi - va)(va - )

+24m27’3(s2 ~vi)(vr - V2)(V2 : f'))] + O(Lvlﬁ)
(4.61a)
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Qe
Aepy = ® ®
o o
G?*mim
=—i /dt [7# (mﬂ}%v? —2myv3(vy - v2)208 — 2myvi(vy - £)%08 + mavSuf + dadmortol + 4a?myr?uioed
+ 4aZmar?vsvt 4 mi(vi - va)*ut + mivd(vi - #)*0f + movi(va - #)*0f + 8marvd(ag - vo)(va - #)30}
+ marvi(ag - )20} + 4mart(jo - vo) 2ot 4+ 4miv3(vi - ve)2(vi - £)20f — 2manl (va - #) 20t

2

— 4a3mar?v3(va - )20 + 16mar?(as - vo)2(va - #)2v] + 2marvs(ag - #)(va - )2

v‘f - 4m2r2v§(j2 ~va)(va - f')21fl1
— 2m2rvg(a2 . f')l/l1 — 4a§m2r3v§(a2 . f‘)vi1 + 4m1r21)§(j1 . vl)'ui1 + 8a§m2r4(j2 . vz)vil + 4m2r2v§(j2 . v2)vi1

— 4m2r3v§ (a2 - #)(j2 - vz)vil — 4m1r2v§ (G1 - v2)(ve - vz)1/11 + 8m17“v‘21(a1 ~vi)(vi - f")v‘l1

— 8marvs(ag - va)(va - #)vf — 16a3mar(ag - va)(va - #)v] + 8marvi(ag - va)(ag - #)(ve - t)v]
— 16m2r3(a2 -v2)(j2 - va)(ve - f')v‘l1 — 2m1v§(v1 . v2)2(v1 . f')4v% - 2m2vg(v1 . v2)2(v2 . f')4v%

+4m1r2(j1 - va)(vi - v2)3u? — 8mirvs(ar - vi)(vy - £)30? — 8mar(ag - va)(vi - va)2(va - £)30?
— 8marvs(ag - vi) (v - va)(va - #)30f — 8aZmart(ag - vi)2v? — dmar?ui(az - v1)20? — 2mavs(vy - va)2u?
—4a?myr?v3(vy - v2)?0? — daZmar?ud(vy - v2)20? — 2mar?e2(as - £)2(v1 - v2)2u? + dmarvi(as - #) (v - vo)20?
+ 4a3mar®(ag - £)(v1 - va)20? — 4mar203(j1 - vi)(vi - v2)2u? — dmar?ed(j2 - va)(vi - ve)2v?

+ dmar3(as - #)(jo - v2)(vi - v2)2v? — daimyrug(vy - £)%07 — 2my(vy - va)i(vy - £)20?

—amir?ui (1 - v1)(ve - )20 + dmir2o2 (1 - va)(ve - va)(ve - £)202 + dAmared(ag - vi)2(ve - #)20?

+ 4mavs (v - va)2(ve - )20 + 4a3mar?(vy - va)?(va - £)20? — dmarv(as - £)(vy - va)2(va - ) %03

+ 4mar?(jo - va)(v1 - va)2(va - #)20? — 32mar?(ag - vi)(az - vo)(vy - va)(ve - #)%0?

+ 4mar?v2(jo - vi)(vi - va)(va - )20? + 4mardvE(as - vi)2(az - £)o? — 8mart(as - v1)2(j2 - va)o?

— 8a3mart(jo - vi)(v1 - v2)v? — dmarvi(jo - vi) (V1 - v2)ve + dmardv3(as - £)(j2 - vi) (v - ve)v?

— 8mart(jo - v1) (2 - va)(v1 - v2)v? — 8marvi(ay - vi)(vi - va)2(vy - £)v? 4 8marv3(as - v2)(vy - v2)2(va - £)vd
— 8mar?(az - va)(az - #)(vi - va)2(va - #)vi + 16mer(az - vi)2(ag - vo)(va - #)v?

+ 8marva(az - vi)(vi - va)(va - £)v? + 16a3mar3(as - vi)(vy - v2)(va - #)v?

— 8marvi(az - vi)(az - #)(v1 - va)(va - #)v? + 16mar(ag - v2)(j2 - vi)(vi - v2)(va - #)v?

+ 16m27“3(a2 -v1)(J2 - va)(vi - va)(ve - f‘)v%+4a‘11m1r4v§ + 4m1r4(a1 . VQ)4+4m2r4(a2 . v1)4+m2v§(v1 . V2)4
+mar?(ag - )2(vy - va)t — 2marv3(ag - ) (vi - va)t + mi(vi - ve)t(vi - #) + ma(vy - va)t(ve - #)4
+ 4mar?v3 (jo - vi)(vi - v2)3 — dmard(ag - ) (j2 - vi1)(vi - v2)? + 8mirvd(ag - vi)(ve - ve)2(vy - §)3
+ 8mar(az - vi)(vy - V2)3(V2 . f')3 + 4m1r4v3(j1 . v1)2 + 4m2r2v§(a2 . v1)2(v1 . vz)2

+ 4m17“4(j1 'V2)2(V1 . V2)2 + 4m27‘4(j2 'V1)2(V1 . V2)2 - 4m2r3(a2 . V1)2(a2 ) (v - vz)2

2

+ m1r2(a1 . f‘)2 ((v1 - v2)2 — v%vz)Q — 4mqr? (G1 - v2)(vy - v2)3(v1 . f')2 + 16m1rzv§(a1 . v1)2(v1 - f')2

+4a2myr?v3(vy - v2)2 (v - £)2 + 4m1r2v3(j1 - vi)(vi - ve) 2 (ve - £)2 — 2mav3 (vy - v2)4(v2 -1)?
+ 2TI’L27”(a2 . f")(vl . V2)4(V2 . f')2 — 4’17’L2’I“2 (j2 . V1)(V1 . VQ)S(VQ . f')2 + 12m2r2 (az . V1)2(V1 . V2)2(V2 . f')2
+8afmirtu3(j1 - vi) — 8aimartvd (ji - v2)(vi - va) — 8martvd (ji - vi) (i - va)(vi - va)

3v§(a1 ~vi)(vy - T) + 16m1r3v§(a1 -v1)(1-vi)(va-E)

+ 8m2r4(a2 . v1)2(j2 ~vi)(vi - ve) + 16a%m1r
+16mird(a;g - v2)3(vy - va)(vy - £) — 16myr3v3(ar - vi)(j1 - va)(ve - va)(vy - )

+2mar(ar - £) (viv3 — (vi - va)?) (v3of — (vi - v2)®vf —v3(vy - £)20F + 2air?03 + (vi - va2)?(v1 - £)2
+2r203(j1 - vi) = 2r2(j1 - va)(vi - v2) + 4rv3(ar - vi)(vi - )

—8mir(a - v2)(vi - va)(vi - F) (v%v‘f — (v1-v2)20? — 03 (vy - 1)%0? + 2021202 + (v1 - v2)E(vy - )2
+2r202(j1 - vi) — 2r2(§1 - va)(v1 - va) +r(ag - 1) (v%v% —(v1 ~V2)2) + 4rv3(ay - vi)(vi -£))
—4dmyr?(a;y - va)? (v%v% — (v1-v2)20? — w3 (v - 1)20? + 2021203 — 3(vy - va)2(vy - )2 4+ 2r202(j1 - v1)
—2r2(j1 - v2)(vi - va) +r(ay - F) (v%vg — (v1 ~V2)2) + 4rv3(ay - vi)(vi - 1))

— 8marvi(ag - vi)(vi - va)3(va - 1) + 8marZ(ag - vi)(ag - £)(vy - v2)3(va - F)

—16m2r3(a2 -v1)([2 - vi)(vi 'V2)2(V2 F) — 16m27‘3(a2 'V1)3(V1 -va)(va f‘))] + O(Lvlﬁ)
(4.61b)
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3
O—U =—i /dt {246?7?17712 (m? +m3) (vi - va) (V1 v2)* = vied)*| +O(Lv')

(4.61c)

These results, while being extremely partial (since for example reference [65] evaluated about
190000 diagrams already at 5PN order) corroborate the strength of this effective field theory and
diagrammatic approach to the computation of the post-Newtonian corrections: the possibility to
build upon many advanced multi-loop techniques (and computational packages) developed first in
particle physics, and the way these computations can be made systematic, allow to obtain results
at really high perturbative order.



DISSIPATIVE RADIATION COR-
RECTIONS

In this chapter we’re interested in computing the leading order dissipative contributions to the
binary dynamics, so in practice the leading order contributions due to the far zone effective theory,
which we presented in section 3.2.4; see also references [43, 202, 203, 206].

Let us notice that this leading order dissipative contribution is actually of order 2.5PN with re-
spect to the Newtonian potential in the equation of motion [36]: therefore sometimes the order
of the dissipative contributions is evaluated with respect to this leading (2.5PN) order dissipative
contribution; this is then their relative post-Newtonian order. With this notation then the radi-
ation contributions that we’ll evaluate in this chapter are a OPN relative correction, and in fact
they’re needed to evaluate the leading order expression for observables. This is because, as we’ll
see in chapter 6, the evolution of the binary is effectively dictated by the ratio of conservative over
dissipative contributions, i.e. the ratio of the binding energy over the power loss: we can then see
that to evaluate the observables at v?" precision we need both the n-PN conservative corrections
and the n-PN relative (so (2.5 + n)-PN) dissipative corrections.

In particular in section 5.1 we will evaluate the leading order expression for the power loss of the
system; whereas in section 5.2 we will evaluate the gravitational field far away from the source
employing the in-in formalism.

5.1 | Power loss in the far zone effective theory

In order to evaluate the power loss of the binary system via gravitational waves we recall section
3.2.5 where we presented the optical theorem: then using equation (3.83) it’s possible to connect
the power loss of the system to the imaginary part of the effective action Sesr[{z4}]. The latter
is then obtained by integrating out all the radiative degrees of freedom in the far zone action, as
discussed in section 3.2.4.

Since, as we’ve just pointed out above, the leading order dissipative contribution is of order 2.5PN,
ie. O (L v5); recalling the scaling rules for the far zone theory from section 3.2.4 and proceeding
almost analogously to the discussion of section 4.1, we find that to obtain the leading order expres-
sion for the power loss of the system via gravitational waves we have evaluate the vacuum diagrams
shown in figure 5.1.

In appendix A.3 we have evaluated the Feynman rules for the far zone theory performing the
matching procedure which we outlined in section 3.2.4, up to the accuracy needed to obtain all the
contributions up to leading order (O(L v5)) in the final diagram. In appendix A.1 we also obtained
the expression for the propagators of the radiative modes.
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FIGURE 5.1 Diagrams contributing to the power loss of the system at leading order.

In particular let us notice that in the far zone theory the radiation modes can be on-shell, k% ~ 0,
therefore we cannot perform the perturbative expansion of the propagators which we employed in
the conservative sector (chapter 4) to simplify their evaluation. Finally also the results regarding
the power loss should be obtained using the in-in formalism, especially when computing higher
order hereditary effects, yet for the precision which we’re aiming for it will suffice to use the optical
theorem [43, 213].

B Diagram (R1)

To obtain the expression for the first diagram in figure 5.1 we recall the Feynman rule (A.91), which
we obtained through a matching procedure, as explained in section 3.2.4. The propagator instead
is given by (A.19). Furthermore the symmetry factor can be computed similarly to what we have
presented in section 4.1. Then we find:

Q

\

20 1 [ A%k (1 k0 1.
A(Rl): ¢: Tk :2/(27{_)d+1 <ZA/dt1 e kot <—m—l—2k k]Ml](tl)—EN

J

L L 0y2 1 B 1 KOty (_

| +§(k: ) M(t1)> +(9<G LU)) <2cdk2+i6> (zA/dtz e 2 (—m
+%kkklel(t2) ~En+ ;(k0)2M(t2)> + O(G% Lv)) +O®d-3),

(5.1)
which also reads:

11 dk® 0 dk 1. .
R 2 ik (ti—t2) _ N XINE VS _
A(gyy = —i 35 /dtldtQ/ Rt /(%)d ( m+ k'K Mij(ty) - En

sy (s ) (52)

k% + e

« <—m + %k:kklel(tg) _En+ ;(k:o)QM(tQ)> L O(L) + O@d—3).

We can then perform the change of variables t = t; and s = t9 — ¢1, with unit Jacobian, to obtain:

1 dk° 10 1 dk 1 . . 1
_ ikYs i1.J o E 0\2
A(ry) 4ch2/dt/ds/(2 )e i /(2 T (—m+2k‘kMg(t)— N+*2(k ) M(t)>

1 1
X <—m + ikkklel(t +5)— En + 5(1g0)2M(t + s)> +O(Lv°) +0(d - 3).

(5.3)

In particular we can simplify this expression by noticing that it is proportional to the integrals
(5.5) and (C.50): in particular this latter integral in practice exchanges the k° and k'’ factors for
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time derivatives acting on the source multipoles, which we defined in equations (3.67). Then, as
discussed also therein in section 3.2.4, at the leading order in which we’re working, some multipoles
are conserved, i.e. their time derivative will be vanishing; in practice such multipoles (like the mass
monopole) will not radiate and so will not contribute to the dynamics of the binary system. Then
we can already drop such constant multipoles, such as the mass m and the Newtonian energy En
of the system, to obtain:

B i dk¥ o, 1 dk i1 02
AR = “Tge A2 / d / ds / @2m)° B +ie / (e (FH M)+ (E7M0) (5.4)

x (kkklel(t +8) 4+ (K9)2M(t + s)) +O(Lv) +0(d - 3).

Let us then define the generic integral

(5.5)

Ak 0, / A%k kit e (KO)

m(d,a,b)““'“‘[f](t)Z/dsf(’f*"j)/zw6 2m)d k2 +ie [k

The first step in its evaluation requires the tensor decomposition of the integrand: nonetheless,
because this integrand doesn’t depend on any external vector, then the result of the integral can
be proportional only to a (symmetrized) product of Kronecker delta 6”/. From this fact it follows
that if n is odd then the integral (5.5) vanishes identically, otherwise it’s can be recast as:

dk 1 1
(2m)® k2 + de k|20

(5.6)
where with [other pairings] we mean the sum over the series of inequivalent terms given by product
of § Kronecker deltas; in practice this series can be obtained by considering as spatial indices of
the Kronecker deltas all the possible unordered pairings one can construct from the set {i1,...,i,}
of spatial indices, i.e. for n = 4 it’s given by (§1%24%% 4 §i1is §i2ia 4 §iiagizis)  The constant C(d,n)
instead follows from the tensor decomposition, and in particular by explicitly evaluating it we find
that:

/ddk 1 ka.. ki

— 1192 . ., §in—1in s
(2m)d k2 +ie  |k[2e C(d,n) (6 0 + [other palrmgs])/

0 if n is odd
1 ifn=20
C(d,n) =14 % if n =2 (5.7)
d(d1+2) ifn=4
m ifn==6.

Recognizing integral (5.5) in equation (5.4), we can recast the latter as:

i dk‘o 104 1 ddk 6ij5kl+5ik5jl+5ilékj
A(ry) = 16,02 /dt/ds/(%)e e /(%)d <Mij(t) 15[k M (t+ s)

+§]k|2(k0)2M(t)M(t +8) + (KM ()M (t + s)> +O(Lv%) +O(d - 3).

(5.8)

Let us now also introduce the traceless mass quadrupole moment Q% (¢), defined in d = 3 dimensions
as:

g 1 . 1 .
QU(t) = MY — S MY = MY — g(éklel)é” , (5.9)
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for which indeed holds 5ijQij = 0. Doing so we obtain the result:

dk° ikos 1 d’k Q‘k‘4 ij
A = 16¢q A2 /dt/ds/ 2m) k2 +ie /(27T)d ( Qut)Q(E + o)

_|_|k9|4M(t)M(t +5)+ g\k\Q(k:O)QM(t)M(t + ) + (KO M ()M (t + 8)) +0(Lv°) +0(d - 3).

(5.10)

B Second ¢ diagram

To evaluate the second diagram in figure 5.1 we have to recall the worldline-¢ radiation field
Feynman rule (A.91) and the Worldline-qﬁ2 Feynman rule (A.93). The expression reads:

k - k
s 1/,\: _(’J\ 2 _ 2/ ( 1 /dtl iR +R m+O(GLUO)>
(R2) I, k1,k2 Az

2121
O ‘O « (i X [at, et o)+ oGt L0)) (-1
iy f At e )+ 0(G2 L) ) { 5
1
i ikOt3 1 0 1 i
X<ZA/dt3€ 2 (—m)+O<G2Lv) Yeakd 1 ic

(5.11)

.

If we perform the redefinition ¢t = t1, s = to — {1 and u = t3 — t; we obtain:

11 dk? k0 d%; 1
A(r2) __28701211\4 /dtm( )/dSm(t+s) or © /( )dk2+ze

=Ir(d,0,0)[m](t)

x/dum(t+u)/dk AT /ddk2 ;_4_0(1106) (5.12)

27 (2m)? k2 + i€

—I5(d,0.0)[m](t)
=0+ O(L UG) ;

where we recalled result (C.50), and we used again the fact that at leading order, in d = 3 dimension,
the total mass of the binary system is constant in time, i.e. %T =0.

mA diagram

Using the worldline-A Feynman rule, derived in equation (A.101), and the propagator given by
(A.23), we obtain:

- 1 A [ —ik% [ ikl Lo gik
A(R3) = A Tkﬁ :2/(271')‘1+1 (A/dtl e ! <26 kkLl(tl)‘f‘ik M (tl)kk>

bovo(eie) (k)

) . 1 1 . 1
X <A /dtz ¢ik°t2 <—263m”kan(t2) + 2k0MJm(t2)k:m> + O(Gé Lv));
(5.13)
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where we point out that the Levi-Civita symbol €7* defined, as in Notation, is taken to be in d = 3
spatial dimension; just like the source multipole we’ve using here.

We can perform the change of variables ¢t = ¢t; and s = to — t1, and as discussed before, drop the
angular momentum L™, since it is a conserved quantity as well at the leading order, to obtain:

69 1 dk® 0 d?k
J— —1 (t17t2) 0 . k
Ars) = it 12 /dtldtQ / e /(%)d (KO Mg (1))
m 1
x (K" Mjm (t2)k™) <k2 H,e) +0O(L0) (5.14)

91 dk® o dok (K0)2kFE™
= dt [ds [ ==& s M, (£) M (t LS
16A2/ /8/%6 KA, (”)/(%)d 2 TOL)
Performing the tensor decomposition, and then substituting ;; = M;; — 3(5”M
51] 1 dk O 5km ddk (k0)2|k‘2 6
A(rs) = 16A2/dt/ds/ Os ik () M (t + ) /(27r)d 2 T ic —|—(9(Lv)

—116A2/dt/ds/dk0 /ddl){d (5.15)

) 0Y21112
X <3Q” (1)Qij(t + ) + éM(t)M(t + s)> m +O(Lv°)

B o diagram

In this case the Feynman rule for the worldline-G interaction vertex that we need is given by (A.112),
while the propagator is given by (A.30).

0is

4A/dt e~ ROt (£0)2 i (4 )+O<G2Lv>>

d 251j5kl + 5zk53l + 5215]k:>>

/dtg ™Rt (|02 N M (1) + O(G% LU)) +0(d-3).
(5.16)
which also reads

dk 1
A(ra) = /dt /dt/ e k- t2/ (k“ :
() = ~tgrz |4 4 e \* e (5.17)

X MU tl) ( 261]6kl + 5zk5 i1+ 6215 ) (tg)) + O(L 1)6) O(d - 3) .

Performing again the substitution M;; = Q;; + %&jM , and the needed tensor algebra, we find:

Ak o, [ dlk (k)
Aty = 16 16 A2 /dt/ds /(27T)d k2 + ie

(5.18)
X (2 QY (H)Quj(t + s) — §M(t)M(t + s)) +0(L®)O(d-3) .
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B Sum of the leading order diagrams

We can now sum the result obtained in equations (5.10), (5.12), (5.15), (5.18) to obtain their
contribution to the final effective action Serp({zf}). At leading order then we find:

Ar,ro) = A1) + Are) + Ar3s) + A(ra)

= —i161A2/dt [(Z))lOQij(t)IR(d, —2,0)[Q"7] + %M(t)IR(d, —2,0)[M]>
1 . 1 (5.19)
+ (-3@7 O, ~1,2(04] + 1M Oa(a, ~1,2)01))

+ @ Q7 (t)Ir(d,0,4)[Qy5] — %M(t)IR(d, 0,4) [M]>] +O(Lv°) +0(d-3) .

We can notice that all the terms proportional to the trace M (t) of the mass quadrupole moment
cancel each other, as we were expecting due to the results found in section 1.3.4.

We can then recall the Ir(d, a,b)[f](t) scalar integral (C.50), which we evaluated in appendix C.4,
to find:

Ar,ro) = Ar1) + Are) + Ar3s) + A(ra)

= i [4 (35207 035000) — iz [P

y (e—z‘(\kl-&-kzo)t QU (k%) Quy (K| + kIt i (1) ij(|k\)>] +O(L%) + O(d — 3)

/G pod TG [ dk
=i (-5 [arQu 5 @uo) -5 [
. (Qif<—|k|>c2ij<|k|> + QUKD Qi (kD)) + O(Lo*) +0(d ~3)

G 7TG dk
=i (55 a0 5 @) - EE [ PRI ) +0(Le?) + 0l
(5.20)
where we used the fact that QY (—k%) = Q*¥ (k) thanks to the the fact that Q% (t) is a real
quantity, and we defined |Q% (|k|)|* = Q¥ (|k|) 5 (K]

We can also notice that the real part of this expression is actually vanishing, since integrat-

3 : dm™fdn d(m+p) £ q(n—p) o dB Qs
ing by parts it holds [dt &7/ 428 = (—1)? [dt 4 P et oy, and therefore [dt QY (t)idgj (t) =

— Jdt dzg” (t)Q4j(t) = 0. Since to compute the power loss we're interested only in the imaginary
part, this isn’t a problem; yet at higher order one may have to employ the in-in formalism also in
these computations.

B Power loss of the system

We’re now in the position to evaluate the power loss of the system, by recalling the optical theorem
(3.82) from section 3.2.4. In particular we can recognize the expression for differential decay width
I' from the immaginary part of Scf¢, which we just found at leading order in (5.20):

T d
t(Segyat}) = (=i A o) = 5 [ gmalklIQU(K)P

= dQ dK K®|Q"(K)|?
o faos [ axoieu)

To do so we first notice that K is the Fourier variable of the ) quantities, which we can equivalently
denote K = kY = w = E, where the last identity is due to the relation E = wh which relates the

(5.21)




Section 5.2 — Far away gravitational field and gravitational waveform 139

angular frequency of the modes of the massless on-shell graviton to their energy, with A = 1. Then
comparing equation (3.82) and (5.21) we can recognize the differential decay width to be:

ar 1 @

_ L 51 /ij 2
a0 ~ Tz 1@ W7 (5-22)

We can then use the above result (5.22) in the formula (3.83) for the power loss of the system, to
finally find:

oo 6 ij 2 o 6 g
/dm/ dw b Q1 (w)? = dww® QY (w) Q5 (w)

T20 2 0

_ LG - dw / dt / A’ w® QY () Qy;(t) e 1)
T57 Jo "

1 G T I | t+oo ot G 1 i
~ g Jat [ @O 8,0)5 [ awet ~ S5 0G0 5,0

2m §(t—t') (@) Q)

(5.23)

= S0 6,0

where we recognized the temporal average. We can see that this result agrees with the expression
(1.68) we found in linearized general relativity, as expected. The only exception is that here the
quantities are not explicitly evaluated at retarded time, but we may include this information ad
hoc since we would not expect otherwise. However in the computation of hereditary effects it may
be necessary to employ the in-in formalism all along to obtain the correct results.

5.2 | Far away gravitational field and gravitational waveform

In order to evaluate the gravitational waveform, we can recall equation (3.86), which therefore
requires us to evaluate the vacuum expectation value of 7;;.

However, as we already pointed out in section 2.1.4, because we’re dealing with radiation gravitons,
and hence dissipative phenomena, in order to obtain correct and causal results we need to employ
the in-in formalism, similarly to references [202, 205, 206]. Yet in this section we’ll try to proceed
still in a kind of top-down approach, akin to [206], without resorting to symmetry argument to
build the radiation effective action; yet, contrary to [206], we’ll explicitly perform the evaluation in
the Kol-Smolkin parametrization.

In particular we're interested in the vacuum-expectation value for the radiative ¢;; mode, and in
the Keldysh representation of the in-in formalism it can be obtained via:

(G (K0, K)) = — W . (5.24)

Y7 (1.0 iJ
OTZ R ) |, =0 00 =020, 750

Then we have to compute the expression for the functional generator of the connected n-point
functions, W: to do so we can generalize equation (2.10). First of all we have to recognize that
the action that governs the dynamics of the 7;; field is given by (3.42), so S = Scons[{zh}] +

rad

S! F f[{x }, ¢, Ai, Gi5]; in the following with S..ns we'll actually understand the piece of the action

Seons = Do Sk [24] + Secons ({24 }] which is independent of the radiation modes.
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From such an expression for the action then we expect the generalization of the path integral (2.10)
to be

iW _ ilScons {2l 11— Seons {2l 2 1)

(( )) L (5.25)
X exp 7 Smt ZQ[JIJ,J;J].

where S;,; = Sg}‘?—So is the effective radiation action without the quadratic terms, and furthermore

e

. i T
2~ Si {2y}, o
fwliah = JiJ] t[{ b5

we stress that there is a difference for the sign between 51 ~ —% and g9 ~ +%, as prescribed
by equation (2.11).

First of all we're interested in computing the value of the free partition function Zj in the in-in
formalism, such an quantity will be related to the generalization of the W functional restricted to the
free part of the action Sy, which for a free scalar field was given by (2.13). To proceed we recognize
that the free term Sy, quadratic in the ¢;; field and which therefore prescribes its propagation, is
contained in the action Sgﬁ: this follows directly from the separation of the potential and radiative
modes 6i; — 04 + 74; that we performed in the gauge fixed Einstein-Hilbert action (3.35) using
the procedure explained in section 3.2.3.

Then, to find the free partition function Zy for the tensor field ;;, we’ll first evaluate it in the
usual in-out formalism: the explicit expression of the quadratic terms in the &;; field, which give
the free action Sy, following the discussion in appendix A.1 are given by formula (A.25):

_ 1 A L ki cmn kmslny 1.2 | =
So[Uij]:§ Wakl(k) —5(5 ¢ —26"6") kT | T (—F) 3 (5.26)

=Dkimn (k)

from which follows that free generating functional Zj is given by, similarly to the procedure carried
out in section 3.1:

ZolJY] = / D&;; exp (iSo[a] + i / ditly Jij(:v)aij(x)>

1 (5.27)
= exp (—2 /dd+1xdd+1y JY (x) Dz’jkl(x —v) Jkl(?J))
with, analogously to equation (A.29):
dE 1 g 2
(T =) /(27r)d+1 2k2+i6< 4 — %0kt T OwojL + ”’“) (5.28)

Then, in order to evaluate this same quantity in the in-in framework, we follow the procedure
outlined in section 2.1.4: we double the degrees of freedom &;; — 715, 02,; and write the corre-
sponding path integral functional, analogously to (2.10), to obtain

AN / D&,; exp (z (Sold1] — So[oa]) + i / 44+ (J;'J' (2)51,4(z) — J9 (x)az,ij(x))>

= /Daij exp <z (So[a1] — Soloz]) + i/dd+1x (J_f (2)5_ij(z) + J (m)a+7z~j(x)))
(5.29)

where in the second equality we switched to the Keldysh representation, according to equations
(2.12). Here the explicit expression for the difference of the actions is given by

d+1
Solen] = o) = 5 [ sy (o) D)0 () + () D (1) ()
(5.30)
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still with Dglmn(k;) = 7%(5kl5mn . 26km5ln> k2.

The free partition function (5.29) can then be evaluated proceeding by analogy with the result we
found for the scalar field (2.13), so employing the Keldysh indices A, B = + we find [202]:

ij i 1 ij a
Zo[JY, T = exp (—2 / A ed™ly JY (z) D (x — y) Jé“%y)) (5.31)

where, comparing with equation (2.14), the matrix of two-point functions generalizes to [202]

A D+ D*~ 0  —iDga) (1 2
Dz]fl(x — y) = (D_+ D—— = i Dret %DH 5 d 26Zj5kl + 5zk(5]l + 6Zl5jk .

(5.32)

Then, in order to proceed with the evaluation of the path integral (5.25), we need also the expression
for the interaction terms Si¢[{x5}, ¢, A;, 5] which are contained in the S”‘d [{:cf{} b, A;, 5] action;
actually we’ll need only the term linear in &;;. To find it we proceed in a top down manner, turning
at the matching procedure that we performed in appendix A.3: the far zone Feynman rule (A.112),
which reads

o

_ 1 ) dQMij
o e _ —ipr [ )+ O(G% Lv) +O@d-3) , (5.33)

1j
implies that the action for the far zone effective action contains a term, which produces the above

Feynman rule, of the kind:
d2MY & (t,X)
in dt ” .34
Simt > / e (5.34)

where the radiation field doesn’t depend on the position x because we multipole expanded it about
the X point, which we actually took to be X = x¢ps = 0. In the following we’ll formally reinstate
the dependence of the & field on the position x, nonetheless in the end we’ll impose such position
to be equal to the position of the center of mass, so x = 0. Manipulating further the expression:

d2 M 1 d? 1
, ij . Z g 5.
Sint = N /dt P gi(t,x) = i /dt <Q + 35 M> 7i;(t,x) (5.35)

dt?
where we exchanged the mass multipole M for its traceless counterpart %, since the A 11 tensor
will project away the trace.

Returning to the expression of the path integral (5.25) we can switch to the Keldysh basis using

_ 1.6 . 5 5o 1.6 _
the fact that MU =257 + 579 and 597 2507 6J”’ to obtain:
, woy 80 A poy G0
Smt [{xa,l}v &Ji‘j Smt {xa,2}7 5J§j

=—" [dt t) —= + t) — 4+ = | Ma(t — + Mo(t — 5.36
na ( 055+ 00 g+ ( {0 555+ ) 2 (5.36)

- [t -2 O ) - N )-2 |,
= (*Uwfﬁ @0 3< 055+ 0
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where we used the results

i 1/ i L i Ll L ij
1) = 5 (@0 + QY1) = Sma | whsrhy - g0bnarl’ + (eh-h 307 P)
O(IQ_)
(5.37a)
QU(t) = 1J Zma ( Tog + Ty Too — gé”(xa, ‘Xa+)> ) (5.37b)

which are consistent with the one reported in reference [202], and as they argue, we’ll neglect the
(’)(a:%) terms because they represent the perturbation of the trajectories of the compact objects
due to quantum fluctuations of the radiation graviton field. Furthermore, even thought we expect
the trace M to not contribute to the gravitational waveform, for completeness we defined:

M+()E%(M1()+M2 Zma <|xa+\ + = |xa \2> (5.384)

M_(t) = M (t) —2Zma Xa,_ *Xat) - (5.38b)

We're now in a position where we can evaluate the sought-after expectation value (5.24) for the
0, field. In particular, since W = —ilog (eiw), the piece depending only on Seons[{zh}] doesn’t
give any contribution once we perform the function derivative with respect to J_, while it suffices
to consider the linear O(d) part for the exponential of expression (5.36). In fact, quadratic terms

or higher in &, that originate from the exp (z <Smt [{3551}7 63‘;} — Sint [{xa 2} MU]>) term of

the path integral (5.25), we’ll give a vanishing contribution once we take the needed functional
derivatives with respect to the J_ source and set the sources to zero. Therefore from (5.36) follows:

oWl — ilSeconsl{eh 1 }]—=Scons[{ 1 }))
1 ijo 0 . 5 ij, 09 5 i
<1+4A <<Q+() Tt o) s+ (2 + i) w)) 2l 7).
(5.39)
and finally
5]
(F1y(@) = — = | i
0.J= }xa,—O Xq+=X,Jq+=0, Jjg—O 0.J= (.T}) |xa,:0,xa+:x,Jai:0,J§f:0

e
— g5 far (@) + St s + (@) + Tr0)) e

1 o
exp ( 3[4 I ) DL ) TEG))

(5JZ_] (x)
(5.40)
Recalling the two-point function matrix (5.32), we can see that in this computation the %
term will yield a term D~~, which is proportional to the Hadamard two-point function (2.16¢);

nonetheless this term is coupled to Q]il + %MM _ (quantities defined in expressions (5.37b) and
(5.38b)): we can see that in the end such term will vanish due to the x,_ = 0 Schwinger-Keldysh
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condition. Therefore we find:

ot =5 fo¢ ()4 51.0) g5

X /dd+1y <D;:m(x —y) I (y) + I (y) Dr—;;ij(y - 1‘)) +O0(x-)

1 , NI 5kl . ,
= — i
i [ <Q+(t)+ 5 M ()
1 2
X (Dret(r — w) + Dagn(w — 7)) (2 <—d_25ia‘5kl + dikdji + 5iz5jk>> +O0(z-)

— g5 J40 (2004) = 53500 0)) Dot~ w)+ OG-

(5.41)
where we used the fact that Dgg,(z —y) = Dyet(y — x) and that % (—ﬁéi]ﬁkl + 051 + 5¢15jk) is
symmetric under the ¢5 <+ kl exchange.

Finally we impose the Schwinger-Keldysh conditions, setting to zero x_ and all the sources. Then,
we make explicit x = (t,x) for the position of the observer, and w = (¢,0) for the position
of the center of the multipole expansion we performed in the radiation effective theory; doing
so, and recalling from reference [202] that for the retarded propagator it holds D, (t — t/,x) =

—0(t — t’)w, in d = 3 we obtain:

47|x|

Tij 2G

(71, )) = 2%

(@yte— 1x) = 252t~ b)) (5.42)

|

Finally, recalling formula (3.86), and from section section 1.3.2 the property according to which
the A;; 1 tensor projects away the trace of any spatial symmetric tensor, we can find the waveform
X

as seen from a far away observer in position x (and so with n = ] the direction of propagation of

the gravitational wave, approximated as a plane wave):

Q" (t - |x)

|

hiih(t,x) = —2G Ajjpq (B) . (5.43)
We may notice that this result is consistent with formula (1.62) we found in linearized general
relativity, once we reinstate the ¢ factors, we recognize that |x| = r and take into account the
opposite sign of the metric, which requires considering the opposite of h,, tensor, h,, <+ —h,.
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POST-NEWTONIAN COR-
RECTIONS TO OBSERVABLES

The goal of this chapter is to evaluate the post-Newtonian corrections to the physical observables,
such as the gravitational waveform potentially observable by gravitational wave detectors, starting
from the results we obtained in chapter 4 and 5, and complementing them with known results from
the literature; see also references [36, 103, 260, 272].

In particular in section 6.1 we evaluate several observables, such as the energy of the binary sys-
tem and its power loss, and its orbital phase. This quantities will be useful to evaluate the full
gravitational waveform: then in section 6.2 we will summarize the results, reporting the analytical
expression for the gravitational waveform, both in time and frequency domain.

Let us recall from the Notation that in this chapter we’ll switch back again to the mostly plus
metric, as it is customary in the literature about gravitational waves observations; moreover in
some expression we’ll reinstate the factors of ¢ to aid their numerical evaluation.

6.1 | Post-Newtonian corrections to the binary dynamics

We’re now interested in understanding how we can employ the results we obtained in chapters 4 and
5 in order to evaluate the gravitational waveform, as seen by a far away observer. In particular we
are interested in obtaining the explicit expression for the hgT) perturbation of the metric tensor,
since this is what in the end is measured by gravitational wave observatories (opportunely projected

onto the detector tensor, see section 1.5.1 and equation (1.108)).

We recall so that in section 3.2.5 we have already shown how we may directly evaluate the hgT)

perturbation of the metric tensor in our EFT formalism; and in fact we obtained its leading order
expression in section 5.2, i.e. equation (5.43). However that expression is still an explicit function
of the multipole moments of the source, since Q¥ is the traceless part (5.9) of the mass quadrupole
moment which we defined in (3.67e). Then to evaluate the waveform hgT) we need the explicit
expressions for the positions x,(t) of both compact objects a = 1,2 as a function of the time
variable t of the asymptotic observer.

In principle in section 3.2.5 we have already outlined how one would go on to evaluate the positions
X4 (), so equivalently the dynamics of the binary: once we integrate out all the gravitational degrees
of freedom, performing the whole procedure outlined in chapter 3, we’re left with the effective action
Serpl{zt}] (formally given in equation (3.63)) which is a function only of the worldline of the
compact bodies, so of their positions x,(t). Then we can employ the (generalized) Euler-Lagrange

145
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equation of motions (3.76) to obtain the differential equations which prescribe the motion of the
two compact objects; the solution of these differential equation will be exactly the positions x,(t)
that we needed, explicitly expressed as a function of time. With this result finally we can directly
evaluate the mass quadrupole moment (3.67¢) and any other higher multipole moments, obtaining
the explicit sought-after expression for hE;TFT) (), as a function of time. Let us notice that to apply
the previous construction we would have to employ the in-in formalism when evaluating diagrams
in the radiation effective theory, otherwise we would obtain non-causal dynamics, as we’ve discussed
in chapter 5.

6.1.1 Quasi-circular orbit approximation and energy balance equation

The above construction, while being completely general, is however quite involved: in fact the
resulting differential equations may be too complicated to be solved analytically, and so we would
have to resort to numerical methods.

Nonetheless, recalling also the discussion of section 1.4.3, it is expected that compact binary sys-
tems will have circularized to a really high degree by the time their signal will be detectable in
gravitational wave observatories [36, 103, 273]. We can then employ the adiabatic, quasi-circular
orbits approximation. Doing so in fact the dynamics of the system will be completely determined
by the energy balance equation:

dFE
— == 1
dt a (6.1)

where F is the invariant energy of the compact binary, and F the total energy flux, also denoted as
gravitational wave luminosity [273]. In particular the former follows form the conservative dynamics
of the system, while the latter is related to the dissipative effects; we’ll evaluate these quantities
below. The above relation is based on the assumption that any amount of energy lost by the system
per unit time is simply radiated away as gravitational waves; in particular we will employ this first
order differential equation to compute the evolution of the orbital frequency of the binary system,
for example as a function of time.

Let us notice that at higher post-Newtonian orders the radiation effective theory will produce also
conservative corrections, so will modify also the expression of the binding energy E of the binary
system. Actually, as pointed by references [65, 180], at higher order it may not be possible to
clearly distinguish conservative contributions from dissipative ones, for example when considering
the non-linear memory terms which are due to self-interactions between gravitational waves [180]:
then to obtain unambiguous results it may be necessary to evaluate the actual full equations of
motion, accounting directly for radiation-reaction effects [180, 257].

Furthermore let us notice that gravitational waves carry away also angular momentum and linear
momentum from the binary systems. In fact, after the coalescence, the newly formed compact
object may get a quite strong kick due to the recoil induced by an asymmetrical emission of
gravitational waves; despite this being an higher post-Newtonian correction [256, 274]. Therefore
also the angular and linear momentum, which are first integrals of the conservative Lagrangian,
evolve in time when one accounts for dissipative effects.

B Definition of customary parameters

In order to obtain more compact expression, and also to improve the numerical stability when
evaluating them, it’s useful and customary to introduce some dimensionless variables [36, 103].

First of all we’ll trade the masses m; and ms of the binary for the reduced mass p = % and
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for the dimensionless symmetric mass ratio

mimsg
(m1 + mg)?

v (6.2)

B
m

with m = m1 4+ ms the total mass of the system. The symmetric mass ratio v is particularly useful
as it assumes values only in the range v € (0, i], and in particular v = i for equal mass systems
(m1 = mg2), and v — 0 in the test particle limit.

Then we introduce the customary post-Newtonian dimensionless parameter [36, 103]

2 2
_ [(Gmw)\3 Guw\ 3
oo () - () o9
where w is the orbital frequency, and = = O(U2) according to the post-Newtonian scaling; fur-

thermore this frequency-dependent x parameter is invariant in the coordinate systems which are
asymptotically flat at infinity [275]. Furthermore in the following, to avoid ambiguities, we’ll define

€= (9(1)2) < 1 as the PN expansion parameter, so v = O(e%) and G = O(e).

Adopting these definitions then the energy balance equation (6.1) can be recast as:

de dE(z) de  F(x)
T L =T = = ——<%()) : (6.4)

Hence we see that in the approximation of quasi-circular orbits the knowledge of the expression
E(z) and F(z) are enough to determine the dynamics of the system (i.e. the evolution of the
dimensionless orbital frequency x as a function of time).

Next we introduce as well the dimensionless time variable [36, 103]

l/C3 1/203

0= sonlte=0) =t (te—1) (6.5)

where . denotes the time of coalescence, at which the frequency will tend toward infinity.

Sometimes then energy balance equation (6.4) is recast also as a function of this dimensionless time

variable ©, by noticing that from equation (6.5) follows G% = —5,%“. Therefore:
dv _dtds ([ 5Gu)\(__F(©) (6.6)
do  dodt V2 (Y @) ) '

In the following then we’ll be first concerned with obtaining the expression for the center-of-mass
energy F(z) and the flux F(x) of the binary system as a function of the dimensionless frequency
z; and only in the end we’ll obtain also the time-domain evolution for the system.

6.1.2 Binding energy of the binary system

We’re now interested in evaluating the center-of-mass energy E of the binary system, which we
take to include both the kinetic energy and potential energy of the system: this would then be
equivalent to the total energy of the system once we add the rest energy of the two compact bodies,
and the energy contained in their excited modes and spin degrees of freedom, if any.

To find E then we’ll use the procedure outlined in section 3.2.5, and in particular we will evaluate the
center-of-mass Hamiltonian for the system as given by relation (3.80). Actually strictly speaking
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the Lagrangian and the Hamiltonian are not gauge invariant quantities per se: nonetheless the
Hamiltomian is related to the total energy of the binary system, and this is a gauge invariant
quantity when written as a function of the orbital frequency [259].

To perform the Legendre transform then we need the conservative Lagrangian of the binary system:
this is exactly the quantity which we evaluated in section 3.3 and chapter 4, up to 2PN order. Its
expression in harmonic gauge, given by the kinetic minus the potential contributions L =T —V, is
therefore given by the algebraic sum of the 0PN contribution (3.96), the 1PN contributions (4.22)
and (4.20), and the 2PN contributions (4.56) and (4.57). Explicitly we find:

1 1 1 1 1
L= gmlv% + imgvg + émlvf + §m2v§ + Emlv? + Emgfug
G3mim
% (m% + 6mima + mg)
G?myms 2 2 2 2
2z (—2m1 — 2mg 4 8myvy + Tmav] + Tmivy + 8mav;
—14(m1 + mg)(vl . V2) + 2m2(v1 . f‘)2 + 2m1(V2 . f‘)2)
G
+ % (8 + 1207 + 7o} + 1202 4 303 + Tvs + 15r%(a; - ag) — rvi(ag - F)
— 28(vy - Vo) — 1003 (vy - va) — 1003 (vy - va) + 2(vy - va)?
+ dr(ag - vi)(vy - 1) — 12r(ag - vo)(vy - F) — v3(vy - 1) + r(ag - #)(vy - )2
+ 12r(ay - vi)(ve - ) — ldr(ay - vo)(ve - ) — 4(vy - T)(ve - T)
— 6v3(vy - T)(vy - 1) — 603 (v - B)(Vy - &) 4+ 12(vy - vo)(vy - ) (Vg - 1)
—vi(ve - £)? +3(vy - £)(vo - £)2 —r(ay - £) (05 +r(ag - £) + (v2 - £)?))
+O(LUG) .
(6.7)
As already discussed in the above expression there should be also the term 0L = —my —ms, coming

from the expansion of the action (3.34b), however we neglected it since it represents the rest mass
energy of the two compact objects, as can be seen by taking the Legendre transform to obtain the
Hamiltonian.

B Higher order time derivatives

As we can notice from result (4.56), starting from the 2PN order the Lagrangian presents time
derivatives of the position of the compact objects higher than the velocities, as for example the
accelerations a; and ag are explicitly present in the Lagrangian 6.7.

A workaround could be to reduce the order of these time derivatives by substituting them with their
corresponding expression as prescribed by the equations of motion: for definiteness, by evaluating
the Euler-Lagrange equations from the 0PN or 1PN Lagrangian, we would find a relation of the
kind a; = f(v,x), which we could then substitute in (6.7) to remove the accelerations. Nonetheless
doing so would entail a redefinition of the variables, which means a change in gauge [235, 259, 276,
277). In fact it has been shown that in harmonic coordinates (which we’re employing), starting
from 2PN, it’s not possible anymore to have a Lagrangian L which doesn’t contain accelerations
[256]; therefore using the equation of motions or performing a coordinate shift to perform an order
reduction will be equivalent to changing gauge, for example going into ADM-like coordinates [256,
276, 277).

What we can do instead is to employ the generalized Euler-Lagrange equations that we already
introduced in equation (3.76), and a generalization of the Legendre transform. The only caveat is
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that, in order to do so, the Lagrangian must be at most linear in the higher derivatives. When this
is not the case, we can proceed by adding suitable terms to the Lagrangian: such terms must not
contribute to the equations of motions (so to not modify the observable), yet they can remove the
problematic dependence of the Lagrangian on the higher order time derivatives.

This is in fact the case with our expression (6.7): here we have to recast in a different form the
term +1572(a; - a3), which is quadratic in the acceleration, in order to recover a Lagrangian linear
in the acceleration. This can be accomplished with the addition of double-zero terms, which are
terms that vanish at the current PN order when using the lower PN equations of motions: adding
them modifies the expression of the Lagrangian, but does not change the equation of motion nor

the gauge [235]. In particular we can add
Gmo Gmy
i r> . <a2 e r>> (6.8)

to the Lagrangian (6.7) to remove the aforementioned term quadratic in the acceleration.

0L = —%Gmlmgr <<a1 +

Before proceeding further with the evaluation of the Hamiltonian, it is however useful to simplify
the problem by exploiting its symmetry, so by moving to the center of mass frame and using polar
coordinates. Actually it should already be possible to obtain the binding energy of the system also
by evaluating the Noether charge of the conservative Lagrangian associated to the time translations;
for example this procedure is performed in reference [257].

B Center of mass frame and polar coordinates

To simplify the problem it is useful to first move to the center of mass frame. Next, since we consider
spinless compact objects, and so the normal to the orbital plane does not undergo precession, then it
will be useful to parametrize the motion of the bodies in that plane by employing a polar coordinate
System.

In the following then we will perform a change of the dynamical coordinates, going to the center
of mass frame, so (x1,%x2) = (Xca,r). In particular we employ the usual definition (3.97) for the
orbital separation r = x; — X2 in harmonic gauge, and we define the position of the center of mass

to be: N
mi1Xq moXso

Additionally, to further simplify the problem, we will take the center of mass to coincide with the
origin of the coordinate frame, so xcpr = 0.

We have to point out however that we may expect the condition (6.9), which singles out the center
of mass frame from all the generic harmonic coordinate frames, to be modified at higher PN orders
[257]. In fact when dealing with generic motion one should define the position of the center-of-mass
frame by evaluating the linear momentum of the system as a Noether charge, and then imposing
such linear momentum to vanish. So for example the quantity G* (actually G’Z) of references [257,
275] is the expression for the position of the center-of-mass as evaluated in a generic frame in
harmonic coordinates: then imposing G* = 0 perturbatively produces a series of corrections to
expression (6.9). In practice for example, only under the assumptions of quasi-circular orbits, the
expressions for the position x; of the first compact body, as evaluated in the center of mass frame,
simplifies to [36, 256] x; = milr (1 + (9(04)). Observing the Lagrangian (6.7) we would expect this
(’)(v4) correction to enter via the leading order kinetic term from the Newtonian Lagrangian (3.93):
yet to obtain the 2PN result for the binding energy, using the procedure outlined in the following,
we found that imposing the constraint (6.9) was sufficient. Given this discrepancy we may cast
a doubt on our intermediate steps, in particular when we’re not imposing the quasi-circular orbit
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approximation. Hence following the procedure presented in references [36, 256, 257, 275] would be
advisable.

Nonetheless proceeding with the procedure we outlined in this chapter, since we're considering
spinless compact objects, there will be no precession of the orbital plane [278]: therefore we can
parametrize the relative separation r between the two compact objects with a spherical coordinate
system r = r(r, ¢,0); as shown in figure 1.4, with r = rn, but the with the ¢ angle redefined as
¢ — 5 — ¢, such that now ¢ is vanishing when r points along the x axis. Doing so we find the
angle 6 to be a cyclical coordinate, to which is associated a Noether charge and which does not

contribute to the dynamics of the system, so in practice we can neglect it.

We can therefore simply parametrize the two dimensional orbital plane in polar coordinates (r,
¢) and using the orthonormal vectors (r, g}ﬁ), whose three dimensional cartesian coordinates read
i = (cos(e),sin(¢),0) and ¢ = (—sin(¢), cos(¢),0). Then, taking r to be the relative separation
between the two compact objects, and defined

d d
wz—qb, az—w, (6.10)
t t
it holds:
r=rr, vV=rttwre, a= (i —whr)F+ 2w+ ar)é; (6.11)
and also the following identities hold:
(v-)=1, (a-t) =7 —w’r, (a-v) =7(F — w?r) + wr(2wi + ar) . (6.12)

Finally, applying all of the aforementioned procedure to Lagrangian (6.7) we find:

_ o
160373
+ 2Guv*r? (—260wr37'"w + 272 (v + (7—2v(v + 14))r?w? — 13vri + 6)
+ 72 (v +18) = 7) (=r?) W + WP (4v + v(—r)i + 12) + vi?) + (7 — 120)i* + 8) (6:13)
+ 0773 (rPw? +72) (5(v — Dv + 1)rfw? + 2(1 — 3v)r?w?
+2i2 (=3v + (5(v — v + 1)r*w? + 1) + (5(v — Vv + 1)i* +8)) .

(2G 13 (31w + 4) + 4G 1vr (T(1 — 20)r%w? + 150ri + (9 — 5u)i — 2)

B Legendre transform and energy of the binary system

We may now obtain the expression for the energy of the binary system by evaluating the Hamilto-
nian corresponding to the Lagrangian (6.13).

To do so we have to generalize the definition of the Legendre transform (3.80). In particular,
following refernce [257], we may define the generalized conjugate momenta:

0L 0L d (0L
Po=ov (aa> | (6.142)
0L 0L
= — = .14
1= %a = 9a (6.14b)

From them it is possible to derive the generalized Hamiltonian, i.e. the conserved energy F, via
[257):
E=(p-v)+(q-a)—L (6.15)
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In our case, recalling equation (6.11), since we’ve employing a polar coordinate frame, the general-
ized coordinates now are (r, ¢); therefore the generalized velocity is v = (,w), and the generalized
acceleration a = (¥, ). Hence specializing equation (6.14) to our case we have:

oL d (0L
Pr=ar T q <6r> ; (6.16a)
oL
oL d (0L
oL
4% =5 - (6.16d)

where the explicit expression of L is given by (6.13). Then the Hamiltonian, so the energy of the
system, is given by:
E=pi+¢q¢i+pyw+qea—1L. (6.17)
Perfoming the evaluation, explicitly we find:
_ 3,3 2,2 2 2 -2
= 16,53 (—2G°1° (31v + 4) + 4G%p*vr (T(1 — 2v)r°w? + (100 + 9)i° + 2)
+ 2Guv?r? (27'“2 (4v = 3(v(2v +19) — Triw? — vri + 6) — 2ur?i (1200w + 7)
+r? (=3(v(v + 18) — T)r?w* + 4w (v + 6vri + 3) + vi?) + (21 — 36v)i* — 8)
+ 33 (7“2w2 + 7'"2) (5(5(1/ — D+ )rfw? +6(1 — 3v)r?w?
+2i2 (=9 + 5(5(v — 1)v + 1)r*w?® + 3) + 5(5(v — L)v + 1)i* + 8)) .
(6.18)

Nevertheless, since we're assuming circular orbits, the orbital decay 7 would be vanishing if not
for the power loss due to gravitational wave emission, which however, as we’ve seen, first enters at
2.5PN contributions. This implies that 7 = (9(1)5), and from this follows as well that the velocity

in (6.11) reduces to v = V/i? + w?r? = wr + O(v?) [275].

Then, for the precision we’re aiming for, we can restrict the result (6.18) to the case of circular
orbits only, hence imposing 7 = 0 + O(v5), and also any higher time derivative of r to vanish.
Doing so we find the simplified expression for the energy:

Joj—— (4G2u21/r (7(1 - 2w)r2w? + 2) — 2G3 13 (31v + 4) + 2G uv*r? (=3(v(v +18) — 7)riw?

160373
+4(v + 3)r2w? — 8) + V302 (BB -1+ Drtw? +6(1 — 3v)r2w? + 8)) .
(6.19)

B Energy as a function of the post-Newtonian parameters

Since as we've already said we're interested in the energy E(x), so written as a function of =,
the last step we have to perform is to rewrite both the modulus of the relative separation r and

the orbital frequency w as a function of the dimensionless post-Newtonian x parameter, which we
defined in (6.3).

In particular to obtain the expression for w(x) it suffices to invert that relation, so

3
w(z) = 12;(; s . (6.20)
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Then we could use such a relation to obtain 7(z), if we could find an expression which relates r
and w. This in fact can be done, for example by proceeding as in reference [260], so by evaluating
the equation of motion for the r variable under the circular orbit condition.

To obtain this equation of motion for the r variable we can apply the generalized Euler-Lagrange
equations, which we introduced in equation (3.76), on the Lagrangian (6.13) with ¢ = r:

a2 (oL\ d [OL\ 0L
_dt2<a%>+dt<a¢>_ar_0' (6.21)

Imposing then the conditions of circular orbit, so 7 and higher derivative to be vanishing, and also
a = 0 and higher derivative of w to be vanishing, we find:

3,3 1 4
O:u(_?)G,u(?) v+4)

+8G*1” + Guwr (3r* (= ((v(v +18) = T)w?))

vr (6.22)

+4(v + 3)r?w? = 8) + v2r'w? (3(5(v — 1)v + D)r'w! + 4(1 — 3v)r*w? + 8)) .

At this point we can substitute the w(z) relation we found in (6.20) into expression (6.22), and
solve the equality iteratively to obtain r(z), order by order in x.

So to solve iteratively equation (6.22) (where we already replaced w — w(z)), recalling the dis-
cussion written below equation (6.3), we introduce an auxiliary € ~ (9(1}2) parameter to keep
track of the PN order of each term. In particular it holds = O(e), and due to the PN scal-
ing rules, also G = O(e); therefore in the expression we’ll send + — ex and G — ¢G. We can
then expand the expression so obtained in Taylor series around ¢ = 0, finding at leading order
e(G*utvr — SGurtrts3) = 0; which we can solve keeping the only non vanishing real solution

r(x) = S

T v
This result is consistent with what we were expecting: in fact from relation (6.20), from the virial

theorem v? = GTm and from the quasi-circular orbit relation v = wr+0O (1)9) we could have concluded

that at leading order it must hold r ~ (G—‘;> 1

144 T

(6.23)

We proceed then by looking for the 1PN correction (i.e. order O(e)) to such an expression, by

making the ansatz
Gul
= ——(1 6.24
r=St i+ (6:24)
and substituting it into the previous expression. We can perform once again the Taylor expansion
around € = 0, keeping the leading order term, and solving for the placeholder coefficient aq, to find

a1 = (§ — 1)x. Finally making the ansatz

Gul
r:£;(1+<§—1)xe+a262) : (6.25)
and proceeding analogously to before, we find as = %I/(le/ + 171)22, which scales like 22, as

expected. Since the expression we're using is valid only at 2PN, we cannot proceed further. To
finish instead we can just set the auxiliary parameter to ¢ = 1 to obtain:

r(z) = %é (1 + (g - 1) x + 3&6(41/ +171) 2 + O(m3)) . (6.26)

Om a side note, if instead of replacing w — w(x) at the start of the previous procedure we went on
by expanding in w?, then we would have found also the following relation:
e < Gu G?1i?

2 PR P — J— —_—
wi(r) vrs 1+ vrc? (v=3)+ 4p2r2ch

(v(4v +41) +24) + O <G3“3>> . (6.27)

r3
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Returning to the main topic, having found relation (6.26), and recalling equation (6.20) as well, we
can now substitute them into the expression (6.19) for the energy, Taylor expanding then in the
parameter z around x = 0, and keeping all the contributions up to 2PN, to find:

Apux

E(z) = 5 <1 - %(9 +v)r — 2—14(81 — 57w +v%) 2? + (’)(563)) . (6.28)

This is exactly the result for the energy of the binary system, written as a function of the di-
mensionless frequency z, which we were looking for. Moreover this result (6.28) is in complete
agreement with the one reported in references [36, 103]; let us also notice that in the literature this
result is currently known to a much higher PN order, as already discussed.

6.1.3 Power loss of the binary system

Similarly to what we have just done for the energy of the binary system, we can express the energy
flux F as a function of the dimensionless frequency x.

As already discussed in chapter 3, we can directly evaluate the flux F in our EFT construction. In
fact we did so in section 5.1, finding the leading order result (5.23):

= @0 G, (6.29)

where the angled brackets denote a temporal average.

Let us also notice again that this is the same result (1.68) which we found also in linearized general
relativity. Therefore, since in practice in section 1.4.2 we performed same procedure, albeit only at
leading order, which we have just performed in section 6.1.2, then we can directly recall result (1.78),
taking care of redefining w — 2w, since there it was the quadrupole frequency of the gravitational
wave instead of the source. Therefore, using also relations (6.20) and (6.26), at leading order we
find: s

F= 35—26(;/ 2+ 0 . (6.30)

Let us also notice that we chose the center of mass frame when we evaluated the multipoles entering
in the computation of the power loss: then to be consistent this center of mass frame should coincide
with the one we employed in the previous section 6.1.2. In practice then one may define the center
of mass by actually imposing the dipole multipole to be vanishing. Nevertheless also in this case, at
higher PN order, we expect the expressions for the multipoles to be corrected: as an example the
mass should be substituted by the total energy, which takes into account also the binding energy
of the system.

Another point is that in this work we have evaluated the Lagrangian for the binary system up to
2.5PN order: this means that we have evaluated the conservative sector (so the binding energy
(6.28)) up to 2PN, but the dissipative sector only to OPN relative order (so the power loss (6.30)
only to leading order). Then, since the energy balance equation (6.6) requires a ratio of these two
quantities, in order to be able to obtain the 2PN accurate expression for the phase of the binary
system, and so for the phase of the waveform, then we’ll need also the PN corrections to the power
loss up to 2PN. In reality these results are known to even higher order in the literature; still we
will report the expression up to 2PN order for the emitted flux, so the power lost from the binary
system due to gravitational waves emission, as given in references [36, 103]:

F) 3202 5., 3207 [ 35v 1247 6 1282 13
T)= x - — o T x
5G 5G 12 336 5G

N 3207 65u2+9271y 44711 7+0( %)
5G \ 18 | 504 9072 )) 7 )

(6.31)
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the terms highlighted in red are exactly these higher order corrections which we didn’t compute in
this thesis work. Nevertheless let us notice that we could have obtained them also by working in the
EFT framework, but to do so we would have had to evaluate additional diagrams in the radiation
effective theory; furthermore at higher PN order hereditary effects complicate these calculations,
as already discussed.

6.1.4 Power balance equation and time evolution of the orbital phase

Having obtained the expressions for both the energy of the binary system and its power loss due
to gravitational wave emission, we can then turn back to the energy balance equation (6.1), which
we discussed in section 6.1.1.

Let us however point out that there are several ways to manipulate the analytical information we’'ve
found, in order to study the dynamics of the binary system. In particular in the following we will
use the Taylor approximants (T-approximants) method for evaluating the corrections to phase of
the binary; yet there exist more refined methods, such as Padé resummation (P-approximants),
which may yield better result once the velocity v of the system becomes high, so toward the end
of the inspiral phase [272, 279, 280]. Furthermore, even when using T-approximants, there are
different ways in which one could express the post-Newtonian corrections to the observables: since
we’re interested in finding the orbital frequency as a function of time, we will obtain what is denoted
as TaylorT3 approximant. Nonetheless let us notice that there are other T-approximants which do
not make explicit the time dependence, and doing so actually they may be able provide a better
accuracy; see also reference [272].

Given this premise, since we have obtained both the energy E(z) (in equation (6.28)) and the
flux F(x) (in equation (6.31)) as a function of the dimensionless PN parameter x, we can evaluate
directly equation (6.6). In particular, expanding the ratio therein as a Taylor approximation in x
around x = 0 up to 2PN order, we find:

d 2972
Z = (—64) 2 + (1761/ + > 254 (—2567) 2% 4 <—

18882 27322 68206\ - (9( 15)
de 21

Tz ).
9 63 567

(6.32)
Solving the above differential equation then we will obtain the formula for the (dimensionless)
orbital frequency x as a function of (dimensionless) time O.

To proceed then, we can first solve the above differential equation at leading order by employing tI}e
separation of variable methods, such that ‘;@f = —64 d@+(’)(6_3), which implies 2(0) = i(@—i—c)‘l.
We set the integration constant ¢ = 0 because we expect the frequency x to diverge at coalescence

time © = 0; doing so we find the leading Newtonian result:

#(©) = i@—i +0(2?) ; (6.33)

from this result we see that © = (’)(6*4).

We can then compute the post-Newtonian corrections to this result by starting from the ansatz,
where we make explicit all the ¢ the dependence:

2(0) = i@—% (Z €% an @—Z> ; (6.34)

neN

and deriving it with respect to © to obtain

dz e s 1 n\ = _n
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We can then equate this equation (6.35) with the result (6.32), substituting « with the ansatz (6.34)

in the latter, expanding in e%, and solving for the coefficients an by working order by order in the
expansion parameter. Doing so, and then setting e = 1, we find:

1 1 11v 743 _1 T 3
2(0) = 16 4<1+<48+4032)e i+(-3)o

312 24401 19583 (6.36)
1% 1% 1 5
+< + + )@‘2+O(®‘s)) :

288 193536 = 254016

which exactly agrees with references [36, 103]. This is the analytic expression which relates the

invariant orbital frequency z of the binary with the dimensionless time variable ©, up to 2PN

accuracy. Proceeding similarly to what has just been done we may also invert this relation, by
—4,.-4

substituting the ansatz ©(z) = *—F (ZneN egb%x%> in equation (6.36), and imposing that
z(O(x)) =z + O(E%). Doing so we find:

o(z) et (v 743 (B e 61712 | 54200 3058673 5 (9( g)
T) = — —+ =z —— |z T T .
256 3252 5 72 504 508032

(6.37)

In particular equation (6.36) let us also evaluate the orbital phase of the binary as a function of the
dimensionless time: in fact, inverting the definition (6.3) of z to obtain w = l‘%GLN, and recalling

that w = 42 = %g—g is the orbital angular frequency of the binary, it follows that:

— dt
o o () - [ () (') o

which we can evaluate by employing result (6.36) in JZ%, expanding in 2 up to 2PN accuracy with
0= (’)(6_4), and then integrating in the © variable. Doing so we find that the orbital phase of
the binary system is given by:

5
Os 5ov 3715 _1 3T 3
¢<@>—¢°‘y<1+<%+&)a4>@ 4*(‘4)@ 8

185502 | 2848750 | 9275495 \ _ 1 s
+< 2048 258048 14450688)@ i +O<9 8)) ’

(6.39)

where ¢q is an integration constant, that at this PN order has the meaning of the phase of the
binary at coalescence time © = 0 [103]. This result once again exactly agrees with the one of
references [36, 103].

From equations (6.26) and (6.36) we can also evaluate the orbital separation r (which is not a gauge
invariant quantity) in the harmonic gauge that we adopted in the calculations of the conservative
contributions, as a function of dimensionless time variable, finding

4Gp 1 Tv 1751 St T\ 3
r(®)=—-6s <1+<_48_4O32)@ 4+(3>@ ;

37v2 5489y 701263 \ 1 s
* <_ 768 21504 16257024> Ot O(@ 8)) '

(6.40)

This last relation starts to diverge as we approach the merger for © — 0: despite being gauge-
dependent and therefore unobservable, it is a manifestation of the breakdown of the PN expansion,
since the latter is not a convergent series.
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6.2 | Analytic expression of the gravitational waveform

6.2.1 Gravitational waveform in the time domain

Recalling the discussion of sections 1.3.2, 1.3.4 and 1.4, in order to evaluate the waveform, as could
be measured by a far away observer, we need to evaluate there the spatial perturbation of the
metric in TT-gauge hg;»T. In particular this is the result that we obtained, at leading order, in
formula (5.43), evaluating it directly from the effective field theory construction we presented in
section 3.2.4.

Still this is the same (leading order) result that we obtained in linearized general relativity, as we
would have expected, see equation (5.43) and (1.62), up to the different notation between the two
chapters, as already pointed out in section 5.2. Then expression (1.91) gives us the expression
for the gravitational waveform of the gravitational signal as seen by a far away observer, under
the quasi-circular orbit approximations. Then, neglecting corrections to the amplitude, the post-
Newtonian corrections to the phase (6.39) we evaluated above enter in the waveform just as a
modification of the leading order expression (1.90) for the phase.

The approximation of keeping the leading order approximation for the amplitude of the gravita-
tional wave signal (i.e. (1.92)) while considering only the corrections to the phase of the signal
(i.e. (6.39)), which we suggested above, is denoted as restricted PN approximation and is quite
common. In fact the corrections to the phase of the gravitational signal (the one we evaluated) are
of uttermost importance for gravitational waves observations, since the matched filtering technique
requires the analytical template to not go out of phase with the observed signal, otherwise the de-
tection probability will become drastically lower. On the other hand instead the precise evolution
in time of amplitude of the signal isn’t so crucial for this technique; it is nevertheless considered
in data analysis: it introduces several harmonics of the source frequency, inducing a modulation of
the signal.

Nonetheless, for completeness, below we report from references [36, 103] also the next-to-leading
order correction to the amplitude, which we’ll employ when evaluating and plotting the 2PN-
phase corrected waveform in figure 6.1: we do this in order to give corroborate the validity of the
restricted post-Newtonian approximation. In particular, we point out again that in this chapter
we’re adapting our notations in order to be consistent with the literature about gravitational waves
observations, where it is customary to employ the mostly plus 7,, = diag(—,+,+,+) metric.
Furthermore we’ll use also the common choice for the orientation of the polarization tensors, which
we defined in (1.29): using the definitions already introduced in chapter 1, referring in particular
to figure 1.4, we choose the 01 axis to lie along the projections on the sky of the major axis of the
orbit, oriented toward the ascending node [103].

Then using these same convention of reference [103], complementing our results with those of [36,
103], the time-domain gravitational waveform is given by, with A = +, x:

ha(t) = 252’;96 (Hﬁf% a1 O(Zj)) (6.41)

with
HO 1) = —(1 + cos*(1)) cos(26(t)) , (6.42a)
HO(t) = —2cos(1) sin(26(t)) , (6.42b)

1

22 (1) = _é sin(2) VI — 40 ((5 + cos?(1)) cos((t)) — 9(1 + cos?(1)) cos(36(t))) ,  (6.42c)
(1) = 2 sin(20) VT = 1 (sin(o(1)) — 3sin(30(1))) (6.420)
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FIGURE 6.1 Plots to be compared with figure 1.5: here we show in orange the 2PN corrections to
the phase and next-to-leading order corrections to the amplitude (orange) with respect to the Newtonian
quantities (blue), evaluated for that same system (non-redshifted source-frame m; = 35Mg, mgo = 30Mg),
r = 400 Mpc, ¢o = 0), as a function of the time to coalesce 7 = t. — t as measured by a distant (non-
redshifted, and in asymptotically flat spacetime) observer; with the only difference that + = 7 rad in this
plot, in order to show the (small) effect of higher harmonics on the waveform.

We can clearly see that while the PN corrections bring small adjustments to the distance r(7) and to the
amplitude of the waveform h, (7), they induce a significant change in the orbital frequency, especially toward
the end of the inspiral 7 — 0 (as expected, since the expansion parameter v becomes larger and so the PN
correction more relevant), and even more so to the phase of the gravitational waveform h, (7). In practice
this is what justifies the restricted post-Newtonian approximation that’s often employed: the amplitude of
the waveform is evaluated at leading order, while only its phase is evaluated to the highest possible PN order.
In fact the correction to the phase are the most important ones: the optimal method of matched filtering
employed to find gravitational waves signal in the output recorded by gravitational detectors requires a
precise knowledge of the waveform to look for, and any de-phasing of the waveform template with respect
to the real signal (as for example happens between the Newtonian and the 2PN corrections in the bottom
plot, where for most of the time the two waveform do not overlap) will significantly reduce the SNR, of
the faint signal, eventually making its detection outright impossible. Now we can also be more precise
about our (gauge-dependent) definition of distance r(7): it is the relative distance between the two bodies,
as evaluated in harmonic gauge (1.113). Furthermore let us notice that in this plot we show the orbital
frequency f(7) = 5%, which is related to the dominant quadrupole frequency of the gravitational waves
fow(T) by feuw(T) = 2f(7); yet the PN corrections to the amplitude introduce several harmonics of the
orbital angular frequency w, in this case also w and 3w, in addition to the leading order quadrupole 2w.
Additionally the horizontal red line still represents the (Newtonian) value of the innermost stable circular
orbit Rrsco = 576 km, while in the middle and bottom panels the vertical red lines indicate the time
Trsco = 33 ms, as discussed in figure 1.5 and section 1.4.4. Now we cut off the frequency and amplitude
plot in the right panels at 7 = 5 ms as otherwise these quantities would diverge. Nonetheless let us notice
that the 2PN corrections in this region (when we’ve almost approached the merger) are ill-behaved, as the
expansion parameter v2 becomes too large and the PN asymptotic series doesn’t converge anymore: in fact
the radial distance r(7) actually starts to diverge as © ~ 7 — 0, as expected from expression (6.40).
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where ¢(t) = ¢(©(t)) and is given by equation (6.39); in particular ©(¢) is the linear redefinition
of the time which is defined as (6.5).

In the above expression we highlight in red the next-to-leading order term which we stress we didn’t
derive explicitly in this thesis: yet we could have obtained it by evaluating the next order multipoles
in linearized general relativity in section 1.3.4 or by considering the next order corrections to the
diagrams (and eventually higher PN radiation diagrams) in section 5.2. Furthermore at higher PN
order logarithmic terms, e.g. due to hereditary effects, may appear [36, 103].

6.2.2 Fourier transform of the gravitational waveform

In the analysis of gravitational wave signal, for example when employing the matched filtering
technique, usually one actually employs the Fourier transform of the waveform. To obtain it,
it is customary to resort to the stationary phase approximation, according to which the Fourier
transform of the function F(t) = A(t)cos(¢(t)), for f > 0, may be approximated, under the

2
conditions L9 < §2(1), Gf < (52) as [155, 281, 282);

Hﬁzimmm(ﬁj (HER 1))~ (6.43)

where in particular ¢(f) is defined as the time at which i—‘f(t) = 27 f holds.

Such procedure can then be applied to the time domain, restricted (so with the amplitude truncated
at the leading order HS)) (t) only), post-Newtonian waveform (6.41). We report the result of such
procedure (which yields the TaylorF2 approzimant [272]) from references [103, 281]: considering
f as the quadrupolar frequency of the emitted gravitational wave, i.e. twice the source orbital
frequency, then the expressions for the Fourier-transform of the plus and cross polarizations of the
restricted waveforms up to 2PN are:

- cos? (1 -
i) = (5w e (6.44)
hy (f) = cos(v) A(f) i (¥(N+3) ; (6.44b)

(G/“’ m5> ' F6 (6.45)

and the phase

2

3 -1 2 1
=l oo (o (1) en () 5 () o (2) )

(6.46)
with ¢, the moment of coalescence in retarded time, f, a reference frequency (which could be the
frequency when the quadrupolar gravitational signal enters in the detector bandwidth, or when the
observation starts). The coefficients are given in [103]:

mGm 1
T0 — %f* ( 3 f*> 1% y (647&)

-1
4 11
T = > it (ﬂgmf*> vt <73+41/> , (6.47D)

W\U‘

1927 336
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M

1, (7Gm 3
5:§f* ( 3 f*> v, (6.47¢)
1
7Gm \ 75 _, (3058673 5429 617
_ : 4
7= 1287rf* ( 3 f> Y <1016064+1008”+144 > (6.47d)
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OBSERVATIONAL CON-
STRAINTS FROM FUTURE
GW OBSERVATORIES

The goal of this chapter is to assess whether it will be possible to look for possible deviations from
general relativity, performing a generic test of the post-Newtonian theory, in a regime complemen-
tary to the tests that are currently being carried out.

In section 7.1 we introduce the parametrized test that we will perform, and discuss how we may
deal with systematic errors. In section 7.2 we introduce the LISA gravitational observatory, and
how we may mathematically model it. In section 7.3 we introduce the Fisher matrix formalism,
useful to perform analytical forecasts. Finally in section 7.4 we present and discuss the results of
the forecast.

7.1 | Parametrizing deviations from the post-Newtonian predictions

The spirit of this test is to be as general and agnostic as possible about the underlying reasons for
any possible deviation from general relativity.

First of all we assume general relativity and also its post-Newtonian expansion to provide a pretty
accurate description of the dynamics of compact binary systems, and of the gravitational waves
they emit, in the regimes we can currently probe. In fact many tests of general relativity have been
performed [283, 284], also employing the quite general parametrized post-Newtonian formalism, and
no significant deviations from general relativity have been found, to a really high precision. Such
test span over different length scales and different regimes, as could be solar system tests, binary
pulsar tests, and strong gravity tests. In particular the recent direct observation of gravitational
waves allowed to perform new tests of general relativity [92-96], also in the strong field regime
during the merger and ringdown phases, all of which found no deviations from Einsteins’ theory.

We will then perform a test similar to the one denoted as parametrized tests of gravitational waves
generation in references [92-96]: in particular we’ll allow for generic deviations from general rela-
tivity which modify the phase of the gravitational wave signal, as this is the observable to which
gravitational wave observatories are most sensitive.

In particular we’ll deform the 2PN expression (6.46) of the phase U(f) of the Fourier transformed
waveforms (6.44), by introducing seven arbitrary parameters &,,,:

{000, 020, 621, 030, 040, 41, 0a2} , (7.1)
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which will deform the expression of such a phase, so
U(f) — U(f, 000,20, 021,030, 040, 041, 042) - (7.2)

More quantitatively these d,,, coefficients are applied as fractional corrections to the 7 coefficients
(schematically 7 — 7 = 7(1 4 ¢§)) defined in equations (6.47): in particular for each 0, the
subscripts m and n specify that the correction affects the coefficient at 3 PN order which is
multiplied by the n-th power of v. Explicitly this deformation amounts to redefining the coefficients
(6.47) as:

5
~ 5 1 7Gm 3 1
o= 2567rf* ( 3 f*> v (1+doo) , (7.3a)
_ 5 . (7Gm  \"' _, /743 11
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(T < 3 f) v | 336 (L1 020) + v (1+02) (7.3b)
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T15 = gf* ! < 3 f*) ! (1 +(530) , (73C)
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(7.3d)
In the limit in which all the §,,, — 0, then we recover the standard post-Newtonian result, i.e. we
recover general relativity. Actually, to be more precise actually, the T coefficient may enter also in
the function ¢(f), which gives the time as a function of the frequency of the gravitational waves,
see for example reference [103]: nevertheless we do not modify such expression of ¢(f), so we do
not modify the 7 coefficients entering in it; instead we deform only the expression for the orbital
phase as a function of the quadrupole frequency, ¥(f) — W(f, {000, 020, 921,930, 040, 041, da2}).

Let us notice that the parametrization we just introduced is not exactly the same as the one adopted
for example in reference [96]: there they consider corrections up the 3.5PN order to the phase of the
Fourier transformed waveform, and multiply the whole expression of each post-Newtonian order
by a single deformation parameter (denoted as d¢; instead of instead of 4, eventually with an
auxiliary d¢;; for terms logarithmic in the frequency); therefore they neglect the v-structure of the
post-Newtonian correction to the phase; on the other hand they also allow for -1PN dipolar and
0.5PN terms, which are not predicted by general relativity. The fact that they’re neglecting the v-
dependence could somehow reduce the sensitivity of their test if the possible deviation from general
relativity in the phase depends on the power of v at a given PN order: this may be the case if the
deviation affects differently the terms with different powers of G at the same PN order (looking

at the 2PN conservative Lagrangian (6.7), for example if a 2PN term like ng‘}f’” (m3 +m3) is

modified differently with respect to another 2PN term like 272 (7u + 703)).

Furthermore reference [96] performs the test employing the observed waveform in its entirety, from
the inspiral phase to the ringdown; nevertheless, since the parametrized modification affects only
the post-Newtonian phase for the inspiral, in practice they taper off these corrections to zero once
a certain threshold frequency is reached, falling back to standard hybrid waveform model (such as
effective-one-body or phenomenological waveforms) to model the consequent merger and ringdown
phases. However, actually as pointed out also in [96], we may expect any modification of general
relativity to modify also the merger and the ringdown phases, possibly even more markedly than
the inspiral phase; then to be fully consistent the test should somehow allow for a continuous
deformation also in those regime; yet without assuming an underlying theoretical model for the
expected modification of the theory of gravity, this doesn’t seem feasible.
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Therefore in this work we’re instead concerned with the possibility of performing a similar test,
looking for deviations from general relativity, but working solely in the post-Newtonian framework.
In practice this means that this test looks for deviations from the post-Newtonian predictions for
the dynamics of a binary system, yet deviations from the post-Newtonian theory would imply
deviations from standard general relativity as well. However, in order to perform such a test using
only the post-Newtonian predictions, we have to carefully assess which is the regime of validity of
the such an approximation: in fact, in order to not spoil the validity of our results, the systematic
error due to the fact that we’re neglecting higher PN order corrections must be smaller than the
statistical error due to the limited precision of any observation.

7.1.1 Observation cut-off to limit the systematic error

To summarize, we're interested in assessing how well we may directly constraint the post-Newtonian
coefficients with gravitational waves detectors. With directly we mean performing a test on the
non-resummed post-Newtonian theory: this should allow us to disentangle this weak-field test of
general relativity from other possible effects, either due to real phenomena possibly arising in the
strong gravity regime near the merger, or due to systematical effects possibly introduced by the
resummation procedures employed in some waveform models, which include informations also from
other analytical and numerical methods.

Nevertheless to perform this test of the post-Newtonian theory, we must recognize that such theory
is valid only in the weak field and slow velocities regime, therefore we have to restrict ourselves
only the early inspiral phase of the compact binary systems, when they compact objects are still
pretty far away from each others and their relative velocity v is small enough.

Then we need to quantify the magnitude of the systematic error which we inevitably introduce
anytime we neglect the infinite series of higher order post-Newtonian corrections to the observables.
Once we will have found such an estimate, then we may introduce a quantitative threshold after
which we should stop using observational data, in order to limit such a systematic error from
spoiling the validity of our test.

To do so we may turn to result (6.39) for the 2PN corrections to the orbital phase in time domain:
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(7.4)

If we neglect logarithmic corrections that arise at higher PN order [36, 103], we may notice that these

corrections to the phase are roughly of the form ¢(©) ~ H Y nCn O~ %, with ¢, the coefficient
related to the § PN order, and we recognize that such coefficients are all of order ¢, ~ O(1).
Therefore, assuming such behavior to hold approximately true also at higher unknown orders, we
may estimate the contribution from all the terms due to the post-Newtonian corrections beyond

. _3
2PN by using the geometric sum AOsopy = Y10 O78 = 6981 , which is valid in the early
-8

inspiral phase with © > 1. Therefore we’ll consider our 2PN approximation to have reached the
break down point when the contribution due to all the higher order terms becomes greater than
the contribution of the smallest 2PN term in our expansion, so:

oojut

978
1-07%

N

Olim <= AOsopy > AB2py >077; (7.5)

whose solution is ©y;,, = 256. Recalling the definition (6.5) of the variable © we then find that the
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corresponding time to coalescence 7, is:

_ 5Gu B 1 vo\T2Zo
Tim = 5% Ot = 100.9 s <M®> (—) : (7.6)

and using the Newtonian estimate for the relative separation (1.87) we find:

AmG 1 1
Riim = ?72 Olim = 2103, = 81 . (77)

where the Schwarzschild radius R, is associated to the total mass m of the two compact objects.
From this line of reasoning, as a rough estimate, we expect the 2.5PN (and higher order) post-
Newtonian corrections to be for sure non negligible when the relative separation is % ~ 2.6 times
the innermost stable circular orbit of a Schwarzschild black hole with mass m = mj + mas.

On the other hand, if we want to measure deviations of the highest 2PN coefficients from the value
predicted by general relativity with at least a relative precision €, then correspondingly also the
systematic error must be at least € time smaller than the absolute value of the 2PN coeflicients;
hence in this case we have to stop the analysis of our data at:

ool
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where 3.94-10% seconds are almost 11 hours, and choosing € = 0.1 implies cutting off the observation
when the relative separations is about 65 times the innermost stable circular orbit. Let us notice
that for finite values of € we should actually use the exact formula (7.8), so starting from formula
(7.9) and below, we should substitute € — f(€) = 5. Nonetheless for simplicity we’ll neglect this
point, treating € as an effective parameter: in practice choosing ¢ = 0.1 here below means imposing
the cutoft threshold for AA%#T > 0.111, instead of 0.1 (for higher values of € the difference is
larger, but then the PN approximation itself starts to breakdown; furthermore our estimate of the
quantity A©~9py may not even be accurate at O(1), let alone the order O(0.1) relative difference
discussed above). Such an approximation proves to be useful also because, using equation (7.9) and
the virial theorem (1.45), at the threshold we’re considering we may expect the relative velocity

of the two compact objects to be (%)2 = %Rl_l = (%)2, so in practice €2 ~ v? is the PN

expansion parameter, and we may expect any half-PN (o v) higher order contribution to be e
times lower than the preceding one.

One should be careful of assessing the impact that the choice of the € parameter could have on the
forecast: in fact the quantity 7, is highly sensitivity to the value of €, since 734, o ¢~8. This
may be explained by the fact that the relative distance Ry, ¢ itself depends on € via Ry, ¢ o e 2,
and the more distant the two compact object, the slower it’s their orbital decay due to gravitational
wave emission: this result could have been expected also from equation (1.84). Therefore the result
which we will obtain may present a strong dependence on the e parameter, and so we need to
balance the tradeoff between the accuracy of the result (as increasing the e value increases the
systematic error due to the theoretical uncertainties, as we approach the merger phase) and the
precision of the results (as lowering the e parameter restricts our observation window to only the
earliest part of the inspiral phase, where the amplitude of the signal is lower, and so the signal-to-
noise ratio to be expected for the observation is lower, and so the precision of any measurement
that can be performed on the collected signal).
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In practice we will chose, even if somewhat arbitrarily, the threshold
e=0.1. (7.10)

We argue that this should prove to be a good choice for the cutoff, possibly not too conservative,
as it should still allow for signals to be observable in gravitational wave detectors. A justification
instead for not choosing an higher value for it is that otherwise both the slow velocity £ oc e <1 and
the weak field GTm x €2 < 1 assumptions would start to break down, as we expect strong gravity
effects to be important when r — R,. Furthermore this choice for the threshold will be consistent
if the forecast predicts an error bar on the 2PN parameters at least bigger than |d4,| > € = 0.1, i.e.
if the expected statistical error is larger than this estimated systematic error.

7.1.2 Suitability of gravitational wave observatories to perform the test

It is now clear that, in order to directly constraint the post-Newtonian theory, we need a gravita-
tional wave detector sensitive at low frequencies. This follows from the need to accurately measure
many cycles of the gravitational signal, with an high enough signal-to-noise ratio (SNR), when the
binary is still in its early inspiral phase: in this stage in fact the frequency of the gravitational
signal is lower, as well as its amplitude. To be more quantitative about this point, the Newtonian
estimate for the frequency of the gravitational wave at the time 7y, ., using equation (1.88) is given
by:
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We can then see that to perform such a test ground-based gravitational wave detector are not
optimal, be they present (LIGO-Virgo-KAGRA) or future (Einstein Telescope, Cosmic Explorer)
ones: below about 10 Hz the seismic noise (and also the Newtonian noise) becomes dominant and
therefore the detectors sensitivity curve rises quickly. So, apart from compact systems with a sub-
solar total mass, or extremely loud (so near) events, we don’t expect to be able to observe enough
waveform cycles in the low frequency region of interest (g 5 Hz for solar mass systems, < 0.1 Hz
for binary black holes systems with m = 80Mg, total mass) to allow for a powerful and accurate
test. Loosening the requirement of € 0.1 would increase the value of the cutoff frequency fgu im,e
and so would allow to employ also data observed with ground-based gravitational waves detector
to perform this test, nonetheless this would also increase the systematic error: first because higher
order PN corrections become important, and also due to the breakdown of the post-Newtonian
asymptotic series itself (adding higher order PN corrections may actually lead to a worsening of
the convergence of the series when the relative velocity becomes high enough).

Therefore (future) space-based detectors (like LISA and DECIGO) seem to be better suited to
explore this low-frequency region of the signal. In particular in the following we will focus on the
LISA detector, performing the forecast on its ability to constraint the {d,,,} parameters.

B Initial frequency for the observation

To perform the forecast it will be necessary also to estimate the initial and the final frequencies
of the observation: in practice we’ll assume the observation to always reach the fg, jim, threshold
frequency given by (7.11). Therefore we’ll have the freedom to choose the observation time A7,
and this instead will fix the initial frequency of the binary, at the start of the observation.

To evaluate this initial frequency we recall once again equation (1.88), and once defined

5 5 8 5
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e Beo MV ? year (M@> 0.25 (7.12)
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it holds: ,
fou(T) = (BT)"S . (7.13)

From this we can obtain:

0ol

fin(AT) = ((ffm)’% + BAT>_ . (7.14)

where AT = 7, — Tpin = tyin — tin is the time elapsed between the moment in which the frequency
of the gravitational wave was f;, and the moment in which it reached ff;,. Then, imposing the
cutoff frequency to be (7.11), so frin = fgwlim,, and the observation time to be Ar, the initial
frequency fi, of the gravitational wave signal is given by:
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(7.15)
This estimate actually is valid only at leading order, since it receives post-Newtonian corrections at

higher order. Yet the precision of the estimates of the forecast probably won’t be high enough to
require the inclusion of such corrections, since there will be many other approximations involved.

In the following we will denote as early inspiral phase the period in which the binary system is
inspiraling while emitting gravitational waves with a (quadrupole) frequency below the threshold
given by (7.11); then in practice, given the observation time A7 the observational window relevant
for the test will go from frequency (7.15) to the cutoff frequency (7.11).

B Synergy with future ground-based detectors

In order to perform the forecast we have also to recognize that, in order to perform the test,
one has first to confidently detect the relevant binary system. Regarding this point, we’ll base
our considerations on the fact that in current observations the threshold needed to declare event
detection confidently enough is for it to have an SNR £ 8 [5].

Nevertheless when multiple detectors observe the same event, the data can be combined in order to
increase the SNR and obtain more precise estimates, as we have already seen in equation (1.102).
Therefore in the following we’ll consider also the possible scenario where a binary system may not
accumulate enough SNR in the LISA detector alone (e.g. SNR < 8 for definiteness), but after
some time, under suitable conditions, its chirping signal may sweep (possibly quite loudly) through
the sensitivity band of ground-based detectors, such as the future Einstein Telescope and Cosmic
Explorer, and be detected by them (since they should all come online in the same years). This
should be the case of binary systems with total mass of about 1 My < m < 10° My: after their
detection by ET and CE it would be possible to search in the previous data recorded by LISA to
possibly spot such a signal, which before was recorded only with an signal-to-noise ratio of 1 <
SNR < 8, and hence not promptly detected. At this point one could join these dataset a posteriori
to greatly increase the precision of the estimates; and in particular, for what concerns the test we’re
describing in this chapter, once identified the signal it would be possible to perform the test we’re
describing here on the LISA stretch of data alone, as it contains all the information about the early
inspiral phase.

On the other hand we do not expect systems with total mass m < Mg or m > 10° M, to accumulate
enough SNR in the LISA detector to perform meaningful a test. That is, barring the possibility of
an extremely near event, these binary systems should accumulate less than SNR < 1 in the LISA
detector: the binaries with sub-solar masses produce a signal too high in frequency; on the other
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hand instead the binary systems with m > 10° M may actually be detected with a quite high SNR
by LISA; but then the SNR evaluated only on the early inspiral phase, as defined above, would be
SNR < 1 (since we also expect these systems to be detected only at quite high redshifts); in fact in
the early inspiral phase their frequency is below the frequencies to which LISA is most sensitive.

Let us also add that, recalling definition (7.11) for the cutoff frequency, sub-solar systems may
actually be good candidates if we were to employ next-generation ground based interferometers to
perform this test. However in that case we’d be most sensitive to the signal in proximity of its
cutoff frequency, instead of its earliest inspiral phase; and furthermore probably we may not be
able to observe the binary systems for as many cycles as LISA could.

7.2 | The LISA observatory

The Laser Interferometer Space Antenna (LISA) [91, 285] is a future space-based gravitational
wave observatory. It was first proposed in the 1990s; in 2017 it was selected by the Furopean Space
Agency (ESA) as a large class mission in the Cosmic Vision 2015-2025 Programme, and recently
the project has advanced into the refinement phase B1 [125]; currently its planned launch date is
2037 [286]. The nominal duration of the mission will be 4 years, but it could possibly be extended
up to 10 years. Most of the technology necessary for this mission has already been tested by the
LISA Pathfinder mission [287, 288].

LISA will be composed of three separate spacecrafts, each
orbiting along heliocentric orbits, trailing Earth by about
50 million kilometers, as depicted in figure 7.1. The orbits
are arranged in such a way that the combined motion of
the three spacecraft will keep each of them at one vertex
of an equilateral triangle shape, with side of length ap-
proximately 2.5 million kilometers. Each of the sides of
this triangle will represent the arm of an interferometer.

In fact inside each of the three spacecrafts there will be SSB - .
two test masses, one for each of the two sides ending in Uz G, g .u y N
that spacecraft. These test masses will be in almost per- - 3 OW>/
fect free fall, and a suitable interferometric apparatus will G, % 0y
allow to measure the distances between these test masses - >
[91]. Then by synthetically combining the data in a suit- , o

FIGURE 7.1 Figure depicting the coor-

able way, employing for example also the technique of the
time delay interferometry to limit the laser phase noise, it
will be possible to measure the perturbations to the arms’
length due to the passage of gravitational waves. This
will allows LISA to measure gravitational waves with ex-
cellent sensitivity in the frequency band between 10~ Hz
and 0.1 Hz [91].

7.2.1 Modeling of the LISA interferometer

dinate frames used in this work: the LISA
Constellation Baricenter (LCB), which is
the local coordinate frame of the instru-
ment, and the Solar System Baricenter
global reference frame. Furthermore the or-
bital motion of LISA is also depicted, with
the Sun in orange and the Earth in blue.

In order to be able to estimate the precision with which LISA will be able to constraint the d,,,
deformation parameters, first of all we need to evaluate its response to the metric perturbation
hgT): in fact, via relations (6.44), it reflects the modifications to the phase (7.2). In this section
then we’ll briefly outline how we modelize the LISA observatory in order to obtain the expression

for its response function. Our treatment is based on the one of reference [154], updated with the
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latest specifications [91, 285, 289], and while making several approximations, it captures most of
the relevant effects which have to be taken into account to obtain accurate estimates.

Let us then recall the discussion in section 1.5 about gravitational detectors; and in particular the
mathematical treatment presented in section 1.5.1. Space born gravitational detectors however
require additional care: usually they composed of a constellation of several spacecraft orbiting in
the solar system, and the signals they’re expected to observe may sweep through the sensitivity
band of the instrument over months or even years; the this means that we cannot assume the
local coordinate frame of the detector to be approximately inertial, and instead we have to take
into account the orbital motion. Furthermore the arms are extremely long, to the points that
these detectors are able to observe signals also at frequencies f ~ %, hence the low frequency
approximation employed in relation (1.108) strictly speaking doesn’t hold anymore, and so the
exact response function should be taken into account.

B Relevant coordinate frames

The proceed it is useful to define two coordinate frame in which we will work: the LCB (LISA
Constellation Barycenter) frame and the SSB (Solar System Barycenter) frame, which are repre-
sented in figure 7.1. In the following vector components evaluated in the LCB frame {u,,0,, 0.}
are denoted as x; whereas the ones evaluated in the SSB frame {ﬁx, ﬁy, ﬁz} are overlined, so X. In
particular, up to higher order corrections, we can assume the SSB to be an inertial frame in the
Newtonian sense. Therefore, up to a (almost) fixed relative velocity that would induce a Doppler
shift correction, we can assume the relative distance between the compact binary system emitting
gravitational wave and the barycenter of the solar system (which lies just outside the surface of the
sun) to be constant.

Approximating then the orbit of the center of the constellation to be circular (i.e. the origin of the
LCB frame, which is the center of the triangular constellation), up to a shift of the time variable
and a rotation of the SSB frame, we can parametrize its position Xp(¢) in the SSB frame as

2 - 2 - -
Xp(t) = R | cos “T4) S, + sin |t u,+0u, | , (7.16)
T 15
where T, ~ 1 year is the orbital period, and R ~ 1AU = 1.5-10"! m the radius of the orbit.

Switching to the LCB frame, here we parametrize the position x, of the spacecraft a, witha = 1, 2, 3,
as depicted in figure 7.1, so with:

Xq = i(Cos(czba) U, + sin(¢q) 0, +01) (7.17)

V3
with ¢, = (a — 1) 2{ — 27, where L ~ 2.5-10°m is the length of the side of the triangle.

Now we have to take into account the orbital motion of the spacecraft, which can be done by finding
a suitable, time dependent, rotation matrix R;;(t) which relates the vector components between
the SSB frame and the (rotating) LCB frame, taking also into account the 60 degree offset between
the @1, and U, versors (see figure 7.1) . Perfoming this procedure we find the position of the a-th
spacecraft in the SSB frame to be:

Xa(t) = Xp(t) + \% <jl (3 sin(¢q + ¢o) — sin <<Z>a + ¢o — 2 2T7rt>> u,
1 (3eosta-+ on) +cos (60 + 02250 ) iy 4 i (60 + 0 — ) az) ;

(7.18)
where ¢ is a constant phase which encodes the orientation of the constellation at ¢ = 0.
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B Pattern function of the interferometers

With all of the above definitions, we can now work in the (rotating) LCB frame to evaluate the
pattern function of the LISA interferometer: we’ll recall then what we’ve already seen in section
1.5.1. Moreover we assume the motion of the LCB frame to be negligible instant by instant: this
approximation may break down for signals with a frequency comparable or below the (inverse of
the) timescale of the orbital motion; nevertheless this shouldn’t be the case for LISA, since it
sensitive to frequencies above f > 10° Hz whereas the timescale of the orbital motion is of the
order of the year (f ~ 1078 Hz).

The other difference with respect to section 1.5.1 is that LISA triangular interferometric detector,
hence composed of three arms which subtend a 60 degrees angle. Consistently with figure 7.1,

in the LCB frame we denote the versors aligned with each of the three arms as l, = w,

l, = @ and l3 = @ Then we can similarly to section 1.5.1; yet in this case the three
Michelson interferometer which we may build (one for each vertex of the triangle, using the two
arms entering in the vertex) are not independent: that is, the strain which we may collect from this
configuration would contain redundant information. Then what is customarily done, assuming the
noise to be equal in all of these three Michelson interferometers, we can diagonalize such the noise
matrix (i.e. the matrix of the power spectral density (1.101)). This procedure, while taking into
account other technical details, leads to the A, E and T channels: two of them are sensitive to the
gravitational wave signal, whereas the third is much less sentitive: yet it is useful as a null channel,
to characterize the noise in the detector. Nonetheless we’ll proceed with the simplified setup of
reference [154], which considers only the two channels sensitive to gravitational waves, denoting
them as I and II. The result is that, under the approximation of low frequency f < £ ~ 0.12Hz,
the equivalent of equation (1.108) for the dimensionless strain is now given by

1 o o
hi(t) = 5 hZ;T(t) (L = 151) , (7.19a)
har(t) = —= Wi (6) (G + 151 — 2151 . (7.19b)
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From these expression we can then obtain the corresponding pattern functions, similarly to equa-
tions (1.110), such that it holds (1.109).

To do so we have to specify precisely the frame for the polarization tensors efj and eixj. In particular,
working still in the LCB frame, for what will follow we choose 1 to be the versor which points toward
the source of gravitational waves starting for the detector (and so it’s the opposite of the i versor
which we employed in chapter 1), which we parametrize by introducing the spherical angles 65 and
o5, Via

= (sin(fs) cos(¢ps), sin(fy) sin(ps), cos(dy)) . (7.20)

Then we define the e;'; and eixj polarization tensors in the orthonormal frame with {@, v, —n}, which
is the same one depicted in figure 1.4 once we just relabel n — —n in that figure. Furthermore we
also have to be consistent with the choice we performed in section 6.2.1, hence we chose again the
1 axis to lie along the projections on the sky of the major axis of the orbit, oriented toward the
ascending node.

In the LCB frame instead, uning a spherical coordinate frame, we introduce the auxiliary versors
0 = (— cos(fs) cos(gs), — cos(fs) sin(¢ps), sin(fs)), which points along the meridian in direction of
increasing s, and v/ = (—sin(¢s), cos(¢s), 0), which points along the parallel toward increasing ¢s.
Then to superimpose the {ﬁ' A —fl} orthonormal frame onto the {1, v, —f} one we can perform
a clockwise rotation of the @’ and v’ axes around the —n axis, by an angle 1), = arctan( ) which
is called the polarization angle.
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With all of these definitions we can finally evaluate the pattern functions for the o = I, I inter-
ferometric channels: since in practice both configurations are related by a rotation of an angle 7
in the u,0, plane, we can define the constant ¢, such that ¢; = 0 and ¢;; = —%. Then the

expression for the pattern function is given by:

V3 <(1 + cos?(6s))

FF (05, ¢s,15) = > cos(2¢s + (o) cos(21)s) — cos(bs) sin(2¢s + o) Sin(21/15)) ,

2
(7:21a)
2
 Ousat) = 5 (B2 o2, + 6u) sin(2) + con(B) sin(26, + ) cos2) )
(7.21b)
in this way the dimensionless strain is given by
ha(t) = F (05, s, 105) ho () + EX(0s, G5, V) b (t) (7.22)

where h, (t) and hy(t) are evaluated at the barycenter of the LISA constellation.

B Modulation of the signal due to the orbital motion

We derived the above results, i.e. equations (7.21) and (7.22), in the LCB rotating frame: the last
step that we have to perform is now to recast these results as evaluated in the SSB inertial frame.
For example the components of the versor n, which are given by (7.20), are a function of time,
0s = 05(t) and ¢s = ¢s(t): this is because the constellation is rotating on itself, and therefore in
the LCB frame a far away fixed star will appear to be moving.

Switching to the inertial SSB frame we now parametrize the versor n, which points toward the
distant binary system, in spherical coordinates as i = (sin(f) cos(¢,),sin(fs) sin(¢), cos(8)); let
us recall that the overlined quantities 6 and ¢, are in fact evaluated in the SSB frame. This means
that these last angles are constant during the whole observational period, since the SSB frame is
taken to be non-rotating with respect to the distant stars. Furthermore we assume the plane of
the distant compact binary system to not be precessing, therefore also the polarization angle 1),
evaluated in the SSB frame with a procedure analogous to before, is quantity constant in time.

The relations between the angles ¢s(t), 0s(t) and 15(t) in the LCB frame and the corresponding
(constant) quantities @, 5 and 1, in the SSB frame can be found by applying the relevant rotation
matrix R;;(t) which connects the two coordinate systems. In practice it’s possible also to find
these relations by evaluating suitable spatial scalar products (which are invariant under rotations)
between the several versors we defined until now, to obtain:

tan(0s) (cos(¢, + do — 235t) — 3cos(d, — do)) — 2v/3 cos(Ft — %)) . (7.23a)

¢s(t) = arctan < tan(0,)(sin(d, + ¢o — 2%75) + 3sin(¢, — ¢o)) + Zﬁsin(%t — ¢o)

, (7.23b)

05(t) = arccos <cosé€s) - \f cos (Qﬁs - ?t) sin(6,)

N———

cos(

sin(v,) (V'3 cos(0s) cos(Frt — ) + sin(fs)) — V3 cos () sin(Ft — ¢s)>
¥y 0 '

)(v/3 cos(6s) cos(%)rt — ) +sin(6y)) + V/3sin(1),) si (%t — by)
(7.23c)

Ys(t) = arctan <

Since we’ll be using the restricted PN waveform, we can recall the expression for the its amplitude
from equation (6.41), and in particular (6.42a) and (6.42a). With those definitions, understanding
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the replacement ¢5 — @s(t, @, 0s, 1) via (7.23), and similarly for 5 and 15; we can recast (7.22)
as:

ha(t’g&as’is) = Aa(t’g&amis) COS((I)(t) + Sop,a(tvgsaasvas)) (724)
with
Ay = 2?;’;“ \/ (1 + cos2(2)) Fa)2 + (2 cos(e) FX)? (7.25a)
B 2cos(1) FY .
Pp,a = arctan ((1 i cos2(L))FJ> ; (7.25Db)

and where we defined ®(t) = 2¢(t), with ¢(¢) the orbital phase of the binary system, which we
found at 2PN in equation (6.39).

Furthermore, as we’ve pointed out above, the h(t) and hy(t) quantities which enter in equation
(7.22) are evaluated in the barycenter of the constellation; nevertheless this point is actually orbiting
around the sun, as parametrized by (7.16). Then as a first approximation, we can evaluate the
values of hy(t) and hy(t) in the barycenter of the solar system, adding the phase ¢p(t,0s, ¢,) =

—27rf(t)7ﬁ$ =2 f(t) & sin(6;) cos(%t — ¢,) to the phase ®(t) in equation (7.24), with f(¢) the
instantaneous frequency of the gravitational waves at time ¢; this correction is needed to account
for the difference in the phase of the gravitational signal between the barycenter of the LISA

constellation and the barycenter of the solar system [154].

B Fourier transform of the measured strain

As we will see, to perform the Fisher forecast we will need the Fourier transform of the above
expression (7.24). To find it we can employ the stationary phase approximation, which we already
introduced in equation (6.43). In this case we case use such an approximation since the frequency
of the gravitational wave is much higher than the orbital motion, which then induce only a slow
modulation of the carrier signal. In practice, following reference [154, 155], simplifying further given
the slow evolution of the orbital modulation, we apply the stationary phase approximation only to
the gravitational wave phase, adding afterwards the orbital modulation total phase (¢, + ¢D).
Doing so we find:

el = \/(HCzOSQ(L)FJ(df)))Q o+ (cos( ) F: (1(1))) e ene D Fen D) A(f) D) (7.26)

where A(f) is given in (6.45) ¥(f) is given in (6.46). Furthermore ¢(f) gives the time as a function
of the gravitational wave frequency, taking into account higher order PN corrections; the explicit
expression for example is reported in [103].

Let us still recall that this modelization of the response function of LISA, while including all the
essential features, is valid only as a first approximation; to perform a more detailed study one may
have to consider a more accurate, potentially numerical, model.

7.2.2 Noise power spectral density

As we will see in the next section 7.3, to perform the forecast we will also need to know how
sensitive is each of the two I, I'] channels of LISA; i.e. we will need to know their joint noise power
spectral density S, (f), which we defined in (1.101). In practice, since we already diagonalized such
matrix with the previous construction, we assume such metric to be diagonal, with equal noise
power spectral density S, (f) for both channels. For its analytical expression, which we also plot
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FIGURE 7.2 The noise power spectral density S, (f) assumed for the I and IT configurations of LISA.

in figure 7.2, we employ the sky and polarization averaged estimates of references [289, 290]:

w0/ 1 B 0.4mHz > a1 fy
Su(f) =5 (W <5.76-10 ** Hz? (1 + (f> )) +36107% HZ) (1 * (25 mHz> > '

(7.27)
However let us point out that here we’re neglecting the confusion noise at low frequencies due to
the superposition of the gravitational waves coming many non-resolvable binaries [154]; whereas
at higher frequencies it may be needed to take into account the implementation of the virtual
interferometry [291].

7.3 | Fisher matrix for observational forecasts

In order to assess the observational capabilities of future gravitational wave detectors it is customary
to employ the Fisher information matriz technique. In practice, once the design and the sensitivity
of a detector are specified, this analytical method allows one to evaluate the smallest error bars
that such an experiment could ever achieve when observing the quantities of interest, once specified
the fiducial value that one assumes for those quantities.

For the specific forecast that we are trying to perform, this means that once we specify how the
{0mn} deformation parameters modify the waveform that could be observed by LISA, once we
specify the sensitivity of the LISA instrument, and once we assume a fiducial value for the {d,,,}
parameters; then we can evaluate the minimum error bars associated to the measurement of the
{0mn} parameters that we will possibly achieve. In particular, since general relativity still is our
best model, we will chose as fiducial value §,,, = 0 for every m and n; in fact in this case we recover
the standard general relativity results.

Let us recall the notation we employed for the matched filtering technique in section 1.5, and the
definition of the scalar product (1.100). Then the signal we measure in the several instruments is
given by o = n+ h, with n the noise contribution to the measured output, and h the contribution
due to the real gravitational wave. Then, assuming gaussian noise, the probability for a specific
realization ng of the noise is given by

p(n =np) x e~2(m0|no) — ,—3(0~h[o-h) , (7.28)

which is the likelihood for observing such signal [103, 154]. Let us notice that in this notation
(1.100) for the scalar product enters the power spectral density S, (f) of the detector, and hence
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the information about the sensitivity of the detector. Let us then assume the gravitational waveform
h to depend on some parameter {\}, so h = h({A}), which could be for example the masses of
the compact objects, or specifically the {d,,,} deformation parameters in our case. Next, given the
prior p({A}) for these parameters, from the likelihood (7.28) we obtain the posterior

p({A}[o) o p({A}) e IO =3I (7.29)

which gives the probability for the true value of the {\} parameters given the observed detector
output o [103]. Then, in the limit of high SNR. for the observation, we can assume the value {\}
that we will measure from the observation (e.g. the maximum a posteriori value obtained from a
Bayesian analysis of the data) to be near the true value {6} of these parameters; so we can define
the error bar A); on parameter i as #* = X' + AX’. Finally, assuming these errors to be small, the
prior p({\}) to be (almost) uniform around the true value ({\}) [281], and expanding the posterior
(7.29), we obtain [103, 154]

p({A}o) o e LAl Al (7.30)

where, recalling that h = h({A}), and neglecting higher order terms,
oh | Oh
I = ‘ 7.31
J (8)\Z > ( )

ON
is called the Fisher information matriz. We find that the inverse of this matrix gives an estimate
for the expected covariance matrix of the estimates of the {\} parameters, as could be measured
by the experiment. In fact the expectation value of the errors AN is [103, 154]:

(AN AN) = (7Y + 0((5) 1) . (7.32)

with these quantities evaluated in \* = N

Let us point out that this method is still an approximation, even if quite good, and gives better
results when the expected SNR for the observation is higher; in reality, especially when the SNR
is low or the associated likelihood complicated, only a full numerical Markov Chain Monte Carlo
(MCMC) analysis of the exact likelihood can give the most accurate results [292].

B Expressions specialized to the case of the LISA detector

Recalling from section 7.2.1 that the observed signal is equivalent to two independent time series
hi(t) and hrr(t), we can employ the formalism which we developed in section 1.5 and here above,
considering N = 2 detectors and assuming an optimal matched filtering.

In particular, given the parameters of a system, we can evaluate the SNR of a given observation
employing formula (1.102). Furthermore, specializing the generic definition (7.31) of the Fisher
matrix to this specific scenario we find:

Ly = 4 /0+°° o Snl(f) Re <8<B§<f>> o(hi(f)) , (1)) B(fm(f))> C a9)

where Re(z) = % is the real part of the complex number, h,(f) are given by equation (7.26)
with o = I, I1, and S,,(f) by expression (7.27).

ON ON ON! oN

In general relativity the waveform ﬁa( f) normally depends on 9 parameters, which for example are
given by (dp,v, m,Tig,t, g, 1, do,tc). They are associated to the spinless compact binary system
(such as its masses, via m and v), to its distance (dr), and to the geometry of the observation
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(through the inclination angle ¢, the direction in the sky for the observer via fi, and ¢, the
polarization angle ¢, and so on). Furthermore ¢, is the time of coalescence for the observer, while
¢o enters in equation (7.18) to encode the initial orientation of the constellation at time ¢ = 0; we

also defined [, = cos(6s).

Generically then, to perform a Fisher forecast, we have to assume the {\} parameters to be (at
least) all of the 9 aforementioned quantities. This has to be done since in a real analysis of the
data, in order to detect a binary system, we have to estimate all of the above quantities. Then
we must simulate the procedure of estimating all of these quantities simultaneously as well: in fact
the covariance matrix (7.32) that we find with this method takes into account also the covariances
between all the parameters. Trying instead to not estimate one of these parameters, so by not
including it in the set of {\} parameters, amounts to conditioning over such a parameter: then we
would find smaller error bars on all of the other parameters, since we’ve fixed the value of one of
them, and so we're extracting less information from the data; nonetheless this would simply lead
to an underestimation of the real error bars that the experiment could achieve.

Regarding the test that we want to perform instead, we’re trying to estimate the d,,, on top of all
of the other 9 parameters: in fact to be able to perform the test we have also to correctly fit the
real waveform with our analytical expression, so we still need to estimate all of the aforementioned
parameters.

7.4 | Analysis and results

In this section we perform the analysis which we discussed above and report the results. To obtain
the latter we wrote a Mathematica code, which we run on the CloudVeneto computing facilities
[293] for a faster evaluation.

7.4.1 Details of the analysis

To evaluate the forecast on the upper bound on a given 9,,,,, we proceeded similarly to the procedure
of reference [96]: in particular therein it’s pointed out that the parametrization (similar to) (7.2)
presents correlations among different parameters; in light of this they vary only one parameter at
a time, keeping fixed all the others, when performing the analysis. This allows to avoid having a
multimodal or degenerate posterior probability density function for the values of the deformation
parameters {0, }; vet the test so performed is still sensitive to generic deviations from general
relativity which modify simultaneously more than one of such §,,, parameters [294-296].

Therefore also in our code we proceeded analogously: to evaluate the upper bound on a chosen 9.,
parameters we fixed all others to be equally vanishing. More precisely then, recalling the discussion
of section 7.3, the parameters {\} over which we performed the Fisher matrix evaluation are the 9
parameters associated to the spinless binary in general relativity (dp,v,m, T, t, @5, Vs, ¢0, te), plus
the single additional d,,, parameter.

With this procedure for each of the 7 deformation parameters {0,,,} we evaluated a different
10x10 Fisher matrix I';; as given in expression (7.33); next we took the inverse of each matrix;
and from each of these inverse matrices then we obtained the expected 90% upper bound that data
from LISA could provide in that scenario: we did so by properly rescaling the standard deviation
which is given by the square root of the corresponding diagonal entry. Let us notice that trying to
consider more than one §,,, parameter at a time instead results in singular Fisher matrix due to
the degenerancies present in that parameter space. Furthermore in the Fisher analysis we actually

worked with log (ﬁ—%) instead of dr, with log (ﬂ—;) instead of m, and with log (%) instead of
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te: in fact these dimensionful quantities usually span over several orders of magnitudes, and so by
taking the logarithm then we were able to increase the numerical precision of the results.

To compute the relevant quantities in our analysis we chose the initial and final time of observation
as we discussed in section 7.1.1, choosing € = 0.1. In particular, to simplify the analysis, we always
stop the observation exactly at the cut-off frequency (7.11); then, when we modify the observation
time AT of the system, in practice we only change the initial frequency of the system at the start
of the observation using equation (7.15). For the analysis we’ll chose A7 = 4 years, which is the
nominal duration of the mission; nonetheless we do not expect any loud binary system to reach
the cut-off frequency exactly at the end of the observation time: then this choice of A7 actually
reflects the typical observation time of a system we may expect during the extended 10 year LISA
mission, accounting also for the 11% technical downtime.

Furthermore the systems relevant in this analysis are far away enough that cosmological corrections
become important: then we implement them as outlined in section 1.4.3, assuming the customary
flat ACDM Planck cosmology [297] to evaluate the luminosity distance dj, given the redshift z of
the binary.

Regarding the limitations of this analysis, let us notice that the bounds obtained by Fisher infor-
mation matrix are most optimistic estimates (since they’re based on the Cramér-Rao bound for
estimators), therefore this method may underestimate the actual error bars that an experiment
may achieve [155, 292, 298]. Also to obtain accurate results we should make the setup as realistic
as possible; in particular real gravitational wave data analyses include higher order PN corrections,
and actually estimate the spin parameters {x} (and possibly the tidal deformability 1~\) from the
observed signal: then we should do to same in our analysis, by forecasting the expected error
bars on these additional parameters. This is in fact necessary to obtain accurate results, because
as already discussed the addition of new parameters to be estimated decreases the precision with
which we can measure the other ones; in fact now the parameter space is bigger, while the amount
of information is the same. Finally, especially if we find the Fisher matrix to not be reliable, a full
Monte Carlo analysis of the full non-linear likelihood may be needed to obtain accurate forecasts
[292]. Yet, when the SNR is high enough, the underlying likelihood becomes more gaussian: in this
case we may expect the Fisher matrix approximation to become more accurate, and so to do also
for the experimental forecast [292].

7.4.2 Results and discussion

In table 7.1 we report the main results of this analysis, showing the signal-to-noise ratio and the 90%
upper bound on the deformation parameters {0,,,} that are to be expected given the observation
of the corresponding compact binary system with LISA, after an observation period of A7 = 4
years; see also the caption for further details. We focused on the binary system which may yield
the best bounds on the deformation parameters, which we found to be the systems with a total
mass between 102Ms < m < 10*M; and we also sampled the parameter space at typical redshifts
z=0.1,0.3,1, 3, fixing or averaging over the other relevant parameter, as explained in the caption.

Furthermore, to better asses which binary system could yield the best constraints on the {d,,,}
parameters, we chose a system similar to the first event GW150914 observed by the LIGO-Virgo
collaboration [1, 2]: despite being one of the nearest binary black holes merger ever observed, it
serves as a realistic benchmark for what we may expect to observe during the 4 planned years of the
LISA mission. In particular for our similar system we chose the redshift z = 0.087 (corresponding
to a luminosity distance dy, ~ 410 Mpc assuming a flat ACDM Planck cosmology [297]), source-
frame masses m; = 36My, and may = 29M,, inclination angle between the normal to the orbital
plane and our line of sight + = 0.5, and an observation time A7 = 4 years.
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System parameters Frequencies and SNR Bounds on deformation parameters
m1 (Me) me Me) 2 fin (Hz) frin (Hz) SNR d00 d20 021 030 G0 Oa1 Oa2
35 30 0.1 0.0161 0.113 3.1 0.0023 0.0029 0.0095 0.0081 0.56 1.27 6.5
35 30 0.3 0.0145 0.0956 1.2 0.0053 0.0071 0.022 0.019 1.3 3.0 15
35 30 1 0.0111 0.0621 0.5 0.013 0.011 0.037 0.032 2.2 50 25
35 30 3 0.0072 0.0311 0.4 0.026 0.019 0.063 0.054 3.8 85 43
80 20 0.1 0.0145 0.0734 4.0 0.0022 0.0063 0.031 0.013 0.74 2.5 20
80 20 0.3 0.0131 0.0621 1.5 0.0062 0.017 0.087 0.036 2.0 7.0 55
80 20 1 0.0099 0.0404 0.7 0.016 0.043 021 0.09 5.0 17 130
80 20 3 0.0064 0.0202 0.4 0.046 0.082 041 017 9.3 32 250

102 102 0.1  0.0079 0.0367 16  0.00054 0.00037 0.0012 0.0010 0.072 0.16 0.81
102 102 0.3 0.0072 0.0311 5.9 0.0017 0.0013 0.0041 0.0035 0.25 0.56 2.8
102 102 1 0.0054 0.0202 2.5 0.0072 0.0069 0.022 0.019 1.3 3.0 15
102 102 3 0.0035 0.0101 1.4 0.024 0.038 0.12 010 7.6 17 86

810 2:102 0.1 0.0033 0.0073 75  0.00052 0.00075 0.0038 0.0016 0.085 0.29 2.3
8102 2:102 0.3  0.0029 0.0062 26 0.0017 0.0023 0.011 0.0048 0.25 0.89 7.0
8102  2:107 1 0.0022 0.0040 7.8 0.0079 0.0087 0.044 0.018 0.98 3.4 26
8102 2:102 3 0.0013 0.0020 1.8 0.044 0.033 0.16 0.070 3.7 13 100

103 105 0.1 0.0018 0.0037 150 0.00054 0.0020 0.0066 0.0057 0.43 0.96 4.8
103 102 0.3  0.0016 0.0031 44  0.0024 0.0090 0.029 0.025 1.9 4.2 21
103 102 1 0.0012 0.0020 9.0 0.015 0.097 0.31 0.27 21 47 240
103 105 3 0.00070 0.0010 1.4 0.10 2.2 71 6.1 500 1100 5500

8-103  2.10° 0.1 0.00059 0.00073 42 0.0045 0.035 0.18 0.075 4.0 14 110
8-103 2.10® 0.3 0.00051 0.00072 10 0.017  0.23 1.1 049 26 93 730
810 2.10> 1  0.00035 0.00040 1.5 0.12 5.8 29 12 680 2300 10%
§-10% 2-10° 3  0.00018 0.00020 0.1 1.4 230 1200 720 104 10° 10°

104 10* 0.1 0.00031 0.00037 26 0.0065 0.88 2.8 2.7 230 520 2600
104 10* 0.3 0.00026 0.00031 6 0.033 4.8 15 15 1300 2900 10%
104 104 1 0.00016 0.00020 0.7 0.28 51 160 180 104 104 10°
104 104 3 0.000096 0.00010 0.1 3.3 620 2000 2200 10° 10° 10°

TABLE 7.1 Results of the Fisher forecast analysis for the LISA interferometer. We report here the 90%
upper bounds on the (absolute value) of the deformation coefficients |d;,,| that it may be possible to obtain,
as a function of varying redshift z and source-frame masses my and me of the binary system. Since these
results show a quite strong dependence also on the ¢ inclination of the binary system, and the duration
of the observation A7, in order to obtain consistent results we fix the inclination to be + = 0.5 rad and
observation time to be A7 = 4 years. Furthermore we also show the initial f;, and final frequencies f;, for
the observation (evaluated as the frequency of the leading quadrupolar mode as measured in the detector
frame): in particular the final frequency is given by the cutoff frequency (7.11) with € = 0.1, whereas the
initial frequency is given by (7.15) with A7 = 4 years. Still each of the result above is actually the average
over 40 realizations of the same system, as we vary other relevant parameter characterizing the system (we
sampled ¢, and ¢g uniformly in [0, 27), ¥, uniformly in (—%, 2] and fz, uniformly in (—1,1)). The variability
in these samples is about 5% for the SNR, and about 15% for the bounds on the § parameters.

Finally, recalling the discussion from section 7.1.2, we report in boldface the signal-to-noise ratio above
8: for such system the data acquired by LISA alone should be enough to confidently detect such systems
(vet extending the observation above the cutoff f., 1im,e may increase the total SNR for the more massive
systems). Conversely we italicize the rows which have an SNR < 1, as for these systems the detection may
not be confident even when complementing data with the observation of other detectors; furthermore also
the results of the Fisher matrix analysis become less accurate for low values of the signal-to-noise ratio.
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FIGURE 7.3 Plot of the expected SNR and 90% upper bounds on the d,,, deviation coefficients, as a
function of the redshift z of the binary system. The system source-frame masses are taken to be m; = 36 Mg
and mo = 29M, the inclination angle ¢ = 0.5 rad, and the duration of the observation A7 = 4 years.
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FIGURE 7.4 Plot of the expected SNR and 90% upper bounds on the §,,, deviation coefficients, as a
function of the total mass m of the binary system, assuming equal mass components (so m; = my = %,
and v = 0.25). The system is assumed to be at a redshift z = 0.087 (corresponding to a luminosity distance
dy, ~ 410 Mpc), its inclination angle to be ¢ = 0.5 rad, and the duration of the observation A7 = 4 years.
We applied a smoothing filter to the data in order to reduce oscillations due to limited numerical precision.
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FIGURE 7.5 Plot of the expected SNR and 90% upper bounds on the d,,, deviation coefficients, as a
function of the orbital inclination parameter iota. The system is assumed to be at a redshift z = 0.087, its
source-frame masses to be my = 36M¢ and my = 29M, and the duration of the observation A7 = 4 years.
We applied a smoothing filter to the data in order to reduce oscillations due to limited numerical precision.
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FIGURE 7.6 Plot of the expected SNR and 90% upper bounds on the d,,, deviation coefficients, as a
function of the orbital inclination parameter iota. The system is assumed to be at a redshift z = 0.087, its
source-frame masses to be my; = 36 M, and my = 29M, and the duration of the observation A7 = 4 years.

Then in figure 7.3 we look at how the SNR and the bounds on the {d,,,} parameters behave as a
function of the redshift z of the binary (so of its luminosity distance dy ), keeping fixed all other
parameters; in figure 7.4 we vary instead the total mass of the system (assuming here an equal
mass binary m; = mg = 3); in figure 7.5 we vary the observation time; finally in figure 7.6 we
vary the inclination angle ¢.

B Inclination angle ¢

Let us first of all discuss the dependence on the angle ¢: from figure 7.6 we can see that if we vary
the inclination angle between the normal to orbital plane and our line of sight, then the signal-to-
noise ratio is highest for + = 0,7 and lowest for + = 7; and similarly the upper bounds which we
may impose on the ¢ deformation parameters are better constrained (i.e. lower) when ¢ = 0,7 and
less constrained (i.e. highest) when ¢ = 7. In particular the relative difference between the best
and the worst scenario is of about O(2.5) times: being lucky enough to observe a face-on system
yields better results. This behavior can be directly linked to the dependence of the amplitude of
the gravitational wave signal on the ¢ angle, see for example equations (6.44); furthermore let us
recall that here we’re employing only the restricted PN waveform; higher order corrections to the
amplitude (see (6.42)) introduce a different functional relation on this angle, yet we don’t expect
much of a difference when taking them into account.

B Observation time AT

Refering to figure 7.5, increasing the observation time, the bounds we can impose on the deformation
parameters ¢ become correspondingly better, as expected. In this case we expect the oscillations
presents in the plot, for observational periods lower than a year, to be a consequence of the orbital
modulation of the signal due to the orbital motion of LISA (which follows an orbit comparable to
the Earth). An observational period of a few months (so e.g. a binary entering in LISA sensitivity
band towards the really end of its mission) will provide only mild bounds § ~ O(0.1) on the lower
PN coefficients (doo, d20, d21 and d30), whereas extending the observation period to A7 to about
1 to 2 years yields the greatest improvement to LISA constraining power, with § ~ @(0.005) for
the lowest order coefficients and § ~ O(1) for the 2PN ones. Still let us notice that the timescale
of this improvement depends on the total mass of the system: in fact we may expect that systems
with m = 100Mg or less (such as GW150914) that are more than 2 years away from the cutoff
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frequency (7.11) may produce a signal almost too faint to be detected by LISA; hence increasing
the observation time (into the earliest inspiral phase) doesn’t improve much more the bounds that
we may be able to impose. On the other hand more massive systems evolve more slowly, therefore
for them the bounds may improve further by extending the observation time.

B Redshift 2

From both table 7.1 and figure 7.3 we can see that the higher the redshift z, the lower will be the
SNR, and consequently the bounds we’ll be able to impose will become worse. This is in line with
what we were expecting, since a farther the system will produce a fainter signal, with the amplitude
decreasing with h o i. In particular if we were to observe again a system like GW150914, so at
a redshift of z ~ 0.1, we could obtain fair bounds on the lowest PN parameters (6 ~ 0(0.005) up
to 1.5PN), and only mediocre bounds on the 2PN parameters (6 ~ O(1)).

Yet the most valuable information is to estimate which is the lowest value of the redshift at which
we may expect to observe a system of a given mass: in fact by doubling the distance the probability
of finding a coalescing system increases roughly by eight times, being proportional to the search
volume; yet as we’ve seen the bounds consequently deteriorate. We’ll elaborate on this point in the
following.

B Total mass m

Figure 7.4 shows a quite interesting dependence of the several quantities of interest as a function of
the total mass m: in fact the SNR peaks for systems with about m ~ 102 My ; yet the best bounds on
the deformation parameters can be obtained by observing systems with m ~ 102 M, in particular
for the higher order coefficients. The peak in the SNR is because systems with m ~ 103M;, are
the ones which spend more time at the frequency at which LISA is most sensitive, as we can see
comparing table 7.1 with figure 7.2 for the power spectral noise density S,(f). On the other hand,
to explain the fact that the systems which yield the best bounds are lighter than the ones with
the highest SNR, we can recognize that, fixed the observation time of 4 years, a more massive
systems will perform less orbits: hence we will observe fewer waveform cycles in the detector,
accumulating less phase (A¢ = 271 N¢y.). Then, assuming a definite precision in the measurement
of absolute variations of the phase, having accumulated a lower total phase means that we will be
less sensitive to any relative modification of the phase, which is exactly what we’re probing with
our 0, parameters.

From table 7.1 we also realize that a system with total mass m ~ 200 M, could provide bounds 1
order of magnitude better than a GW150914-like could, if it were to coalesce at the same distance
z ~ 0.1; and could instead provide comparable bounds if coalescing at a higher redshift, up to
z ~0.3.

From the figure and the table we also understand that systems with total mass larger than m 2
10* My, do not yield competitive bounds, because the frequency of the gravitational waves emitted
during their early inspiral is too low for LISA; furthermore we may not even expect to observe
them as close as z = 0.1. Similarly also systems with less than a few solar masses, such as binary
neutron stars, do not yet the best results: in this case actually we may expect a coalescence to take
place at a redshift as low as z ~ 0.01, as for example was the case for GW170817 [121, 299]; yet
also in this case the signal to noise ratio is below unity, as these lighter system emit gravitational
waves with frequencies higher than the sensitivity band of LISA. Furthermore we don’t report the
results for systems with a mass ratio higher than 71 = 4, focusing instead on systems with similar
mass in order to keep the systematic error as low as possible: in fact systems with higher mass

ratios can reach higher velocities during the inspiral phase, as we pointed out in section 1.6.1.
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B Best bounds from realistic observations

As we have already pointed out, in order to assess which upper bounds we may realistically obtain
from the LISA detector, we need to estimate the lowest redshift z at which any system of a given
total mass m is expected to be observed during the 4 nominal years of observations. In this regard
we would have to perform a throughout analysis of the expected merger rate density, also as a
function of the redshift, taking into account the selection bias due to the fact that the detector is
able to observe some system better than others, depending on their intrinsic parameters. Yet we
expect LISA to observe only a handful of this kind of systems, therefore we’ll proceed by considering
estimates already present in the literature; in particular here we assume that the bounds will be
mostly set by the single best observed golden event, i.e. by the closest system with the suitable total
mass. Nonetheless in this case we may predict a considerable variability on the exact realization
of this system, and so on the consequent {d,,,} parameter estimation. On the other hand we also
expect that the real analysis of LISA data will include a full Bayesian analysis taking into account
all the suitable systems observed during the whole mission duration, similarly to what is already
carried out in reference [96]: then the bounds on the {d,,,} will be actually be better than the ones
provided by the single best observed event (though of the same order of magnitude), yet providing
more consistent results.

Let us then recall the discussion which we carried out in section 1.2.2 about the population of
black hole binaries: while the merger rate of black holes with total mass m < 100My is by now
understood quite well [141], the merger rate of systems comprising intermediate mass black holes,
with a total mass 102Mg < m < 105My), is still quite elusive.

In particular it is expected that LISA will observe several binary systems with total mass m <
100Mg and SNR Z 8 during its extended mission [300, 301]: actually only O(1) of such system
will reach the end of the inspiral phase (so our cutoff frequency (7.11)) providing possibly the
most constraining bounds on the 2PN coefficients. Despite this LISA will observe as well about
O(10) systems which will remain in their earliest inspiral phase for the full duration of the mission.
These latter systems will therefore be further away from coalescence, so the relative velocity of
their components will be lower, and so correspondingly the bounds on the 2PN coefficients should
be worse; nonetheless since we can observe many more systems in this earliest inspiral phase (since
that’s where they spend most of their final evolution), some of them may be near enough to have
a quite high SNR, and therefore may provide good bounds on the lower PN coefficients.

Regarding the expected rates for observations of intermediate mass black holes, instead, there aren’t
solid estimates: they may vary between tens to hundreds observed events per year (but probably
at high redshift), especially when LISA would be observing in synergy with Einstein Telescope [37,
86, 302, 303]; yet there are still many uncertainties in the underlying evolution models, and only
actual observations will finally shed light on this topic.

As a benchmark for systems with about O(100 — 200) M, we can nonetheless consider the case of
the most massive system observed so far by LIGO-Virgo, which was event GW190521 [304, 305].
It’s total mass was m ~ 150 Mg, and it took place at redshift z ~ 0.8; from this the collaboration
estimated a merger rate for similar systems of about R ~ 0.1 Gpc™3 yr~!. In this case then we
may expect to observe O(1) events of this kind (~ 10? total solar masses) at a redshift of z ~ 0.3

during the extended mission duration.

With this premises we may then expect that LISA, during its extended mission, will observe
about O(1) events similar to GW150914, so with total mass m ~ 60 Mg at a redshift z ~ 1; and
approximately O(1) events similar to GW190521, so with a total mass m ~ (100 — 200) M, at
a redshift z ~ 0.3. Referring then to table 7.1 we understand that this class of systems should
be observed by LISA with an SNR between 2 and 6 already in their early inspiral phase (let us
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recall that we cut off the observation frequency using the conservative threshold given by equation
(7.11)): then, as discussed in section 7.1.2, the SNR should further increase when including also
the observation of the late inspiral phase; and could also be additionally augmented by the joint
observation of this systems with Einstein Telescope and Cosmic Explorer (the coalescence happens
about a week to a month later after they reach our cutoff frequency). Regarding the bounds on the
{0mn} parameters, both classes of systems will yield comparable constraint, with the actual value
depending on the specific realization of these system that will observed. Nevertheless, restricting
to order of magnitude estimates, in table 7.2 we report the forecast for the 90% upper bounds on
the deformation coefficients that LISA will be able to achieve.

Deformation coefficient ‘ ‘(500’ ’520‘ ’(521’ ‘(530‘ ‘540‘ ‘(541’ ‘(542‘

90% upper bounds | ©(0.001) O(0.001) ©(0.005) ©(0.005) ©O(0.1) O(1) O(5)

TABLE 7.2 Forecast for the 90% upper bounds on the post-Newtonian deformation coefficients d,,, that
will be possible to obtain from the data of the LISA mission, in a realistic scenario. Here we report only the
order of magnitude of these estimates, since their specific value depends on the particular realizations of the
systems that will be observed, and therefore presents a considerable variability.

We can notice that the expected constraints on the lower PN parameters (for example dgy) are
much stronger with respect to the ones on the higher PN parameters (for example d42); this is
expected since the higher order PN parameters are suppressed by increasing powers of v? < 1.

Additionally let us point out that if intermediate mass black holes, specifically with a total mass
m ~ (102 — 10%) M, will be found to have a much higher merger rate than anticipated, they may
provide better bounds than what is reported above. Furthermore we can notice that the choice
€ = 0.1 for the threshold which we performed in section 7.1.1 is consistent, since the statistical
errors that we expect on the 2PN parameters (e.g d49) are at least of the same order of magnitude
of the € systematic error.

B Comparison with respect to current bounds

Finally we may try to compare our results with the ones of reference [96]: nonetheless first let us
recall that in this work we have employed a somewhat different parametrization and a much more
conservative cutoff for the observation, since we were aiming to perform a different test, as already
discussed in the introduction of this capter.

In fact, whereas we consider only the early inspiral phase by completely cutting off the observation
at the threshold frequency fgu 1im,e given by (7.11), in order to limit systematic errors; reference [96]
considers the deformation parameters up to a much higher threshold frequency (about O (102 ~ 103)
times larger), after which they taper off these additional coefficients to analyse also the merger and
ringdown phases in pure general relativity. Furthermore reference [96] implements deformations to
the phase up to the 3.5PN order, but disregards their v structure, differently with respect to this
work.

Nonetheless we may extrapolate the results obtained above to conclude that in the quite likely case
in which LISA were to observe even just a single event similar to GW150914 or to GW190521, it
could improve the current upper bounds of reference [96] on the OPN, 1PN and 1.5PN coefficients
by about 1 to 2 orders of magnitude; obtaining instead at least a similar precision on the 2PN
coefficients.

However let us stress again that we cannot directly compare these two tests. To make the com-
parison more fair we should be less conservative, increasing the value of our e threshold in order
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to have a cut off frequency (equation (7.11)) along the lines of reference [96]. Doing so we may
expect great improvements on all the bounds, and in particular on the ones related to the 2PN
coefficients (040, 041 and d42), especially when observing binary systems with a higher total mass.
In fact increasing the e threshold implies observing a system also at velocities higher than £ > 0.1,
and in this regime the contributions due to the 2PN coefficients become less suppressed: therefore
also so any deviations from their predicted value will become more important, and hence could be
better constrained.
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In this thesis we have studied the dynamics of compact binary systems in general relativity, also
in light of the recent developments in this well-established field. In particular we have discussed
a broad range of topics, spanning from the theoretical computation of post-Newtonian corrections
to a phenomenological analysis regarding future gravitational wave observatories, giving a unified
overview of the whole procedure and of many of the techniques involved.

Specifically we focused on the post-Newtonian formalism, which is an approximation scheme useful
to describe the inspiral phase of compact binary systems. In this analytical framework the general
relativistic dynamics of binary systems, comprising black holes and neutron stars, are studied as a
series of (post-Newtonian) corrections to the classical Newtonian result. This formalism historically
has been one of the most studied, and its results are routinely employed (eventually in synergy
with others techniques) by present-day gravitational wave observatories, such as LIGO and Virgo,
to model the waveform of the gravitational waves emitted by a binary system in the stage prior to
its coalescence.

Despite the immense amount of effort and the many developments which have been involved in the
evaluation of these post-Newtonian corrections over the last century, this is still a current field of
research: one of the main reasons is that the extremely sensitive next generation gravitational wave
observatories (such as Einstein Telescope, Cosmic Explorer and LISA), which will come online in
the next decade, will require a substantial improvement of the accuracy of the theoretical models
for the gravitational waveform. Luckily, in the last years there has been a steady progress toward
reaching this goal: a renewed momentum in this direction has been imparted by the application of
modern effective field theory and quantum field theory techniques to the study of this problem.

In this approach to the post-Newtonian formalism, employed also in this thesis, the study of
compact binary systems is framed and systematized in the effective field theory framework, and
the evaluation of higher order corrections is addressed using advanced multi-loop quantum field
theory techniques. This approach has proven to be really effective, allowing to advance the state of
the art in the computation of post-Newtonian corrections. As a matter of fact these methods have
allowed us to evaluate in this thesis also a few selected conservative diagrams, first contributing
at the TPN order, which are beyond the present state of the art: while being an extremely partial
result, it highlights the strength of these techniques.

Among these strengths there is the fact that computations can be made systematic: by evaluating
the post-Newtonian corrections as a sum over a series of diagrams, it’s possible to take advantage of
the many techniques developed for the evaluation of scattering amplitudes in particle physics, most
of them being also implemented in software packages. In this way it is possible to streamline the
evaluation of these contributions, eventually implementing the computation in a computer algebra
software: this has been done in this thesis as well, and actually it becomes a necessity at higher
post-Newtonian orders given the sheer number of diagrams. At the same time, these techniques also
allow to actually evaluate these higher order corrections, whose complexity cannot be addressed by
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many other approaches; and also to systematically account for spin and finite size effects, which
are needed to obtain accurate predictions.

Regarding the phenomenological analysis, we have assessed the precision with which the future
LISA gravitational wave detector will be able to constrain possible deviations from general relativity,
and more precisely from the predictions of the post-Newtonian theory. In particular to parametrize
these deviations we introduced seven deformation coefficients in the expression for the phase of the
gravitational waveform which included post-Newtonian corrections up to 2PN, also leveraging the
structure of the expression, differently with what is customary in the literature. Furthermore, since
we were interested in performing a test restricted only to the post-Newtonian theory, we focused
solely on the early inspiral phase of the binary system, in order to limit the expected systematic
error due to the truncation of the post-Newtonian expansion.

The result of our forecast is that LISA will be able to constrain relative deviations of order O(0.1)
from the values of the 2PN coefficients, and down to 0(0.001) for the lower order 0PN and 1PN
coefficients. Additionally, by extrapolating these results to the so called parametrized tests of grav-
itational waves generation of references [92-96], we may expect LISA to be able to improve the
current bounds on that test by at least a factor (’)(102) for the lower order post-Newtonian defor-
mation coefficients. These results suggest that LISA should be well suited to measure deviations
from general relativity, using gravitational wave observations, during the early inspiral phase of
compact binary systems: this will allow to perform these tests in a regime complementary to what
is accessible to present day gravitational wave observatories.

Summary of the main results
In the following we summarize the most relevant results of this thesis work.

In chapter 1 and 2 we recalled several topics and techniques which proved useful for the thesis
work.

In chapter 3 we thoroughly presented the construction of the effective theory for compact binary
systems, developing the formalism somewhat differently with respect to what is customary in the
literature: in particular our notation emphasizes the vacuum nature of the diagrams, incidentally
grouping together several related contributions and so resulting in a lower number of diagrams.

In chapter 4 we evaluated all the diagrams which contribute up to next-to-next-to-leading order
(2PN) in the conservative sector. In particular we derived explicitly all the Feynman rules and
the master integrals needed to perform these calculations in appendices A and C, streamlining
as well the derivation of a generic conservative Feynman rule given the action term, and the
Fourier transform of tensorial expressions via tensor decomposition. This allowed us to develop
in a systematic way the computation of the conservative diagrams, and to implement their full
evaluation in a novel Mathematica code. Using it, in section 4.6 we also obtained the expressions
of a few conservative diagrams first contributing at 7PN order, beyond the state of the art.

In chapter 5 we evaluated the leading order contribution to the dissipative sector, so the power
loss, in the specific effective theory formalism which we presented; as well as the leading order
gravitational field at infinity, employing the in-in formalism.

In chapter 6, complementing these results with others reported in the literature, we explicitly
evaluated the observable gravitational waveform with up to 2PN corrections to the phase.

In chapter 7 we performed a forecast, employing the Fisher matrix formalism, to assess the pre-
cision with which the future LISA gravitational wave detector will be able to constrain possible
generic deviations from the prediction of the post-Newtonian theory, so also deviations from general
relativity. In particular we envisaged the test to be performed only on the early inspiral phase,
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in order to limit systematic errors; additionally we introduced a different parametrization for the
deformation coefficients with respect to what is customary in the literature, taking advantage of the
structure of the post-Newtonian corrections; this may improve the sensitivity to specific deviations
from general relativity. Specifically in section 7.4 we report the results of the forecast, summarized
in table 7.2, and the corresponding discussion.

Possible future developments
Since this thesis work encompassed several topics, there are many possibilities to develop it further.

Among them, regarding the first part of the thesis, there would be the possibility of evaluating
higher order post-Newtonian corrections, both concerning conservative and radiation diagrams. In
particular it would be interesting to check if the specific variant of the formalism used in this work
can be extended also to the evaluation of diagrams representing hereditary effects. For example
tail effects are usually associated to diagrams involving simultaneously both potential and radiation
modes; yet, when working in the far zone radiation theory as derived in a top-down approach, we
expect only diagrams with no potential modes, and hence their effect should instead show up
during the matching procedure. However working in this top-down approach, without introducing
the source multipole expansion at the level of the action as customary in the literature, could make
the computations too cumbersome. Another interesting extension could be the evaluation of higher
order post-Newtonian corrections including the spin and finite size effects of the compact objects,
which are relevant to obtain accurate predictions: in both case this can be done, in the formalism
which we already developed, by systematically taking into account higher order operators in the
point particle action for the internal zone, see also references [38, 80-84, 182, 213, 239, 241].

Regarding the derivation of physical observables from the post-Newtonian corrections, one could
extend the work by considering higher order corrections; as well as the eccentricity of the binary
system. Furthermore it would be interesting to explore the synergy with the Effective-One-Body
formalism [30, 31], which builds upon the results obtained with the post-Newtonian and other
formalism, augmenting them.

Regarding the phenomenological analysis, it would be interesting to increase the accuracy of the
forecast, for example by relying on more advanced population studies for the binary systems or
using mock catalogues of expected events, and performing a complete Markov Chain Monte Carlo
analysis in lieu of the Fisher matrix one. It would be important as well to extend the forecast to
take into account the whole network of several gravitational wave observatories. On a different
note one could also perform a Bayesian analysis employing the data from already observed events.

Finally a really interesting development of this work would be its extension to specific models of
modified gravity, and in principle the effective field theory approach which we employed should
be well suited to this task. In fact in this work we obtained the expression for the observable
gravitational waveform starting from the Einstein-Hilbert action associated to general relativity.
Then to study the dynamics of a compact binary system, and the corresponding gravitational
wave signal, in modified theories of gravity, it should suffice to introduce the suitable modification
directly in the fundamental initial action; proceeding then more or less analogously to what has
been presented. We expect modified (and possibly new) Feynman rules and diagrams to arise, yet
these should not present novel issue per se: in fact similar modifications to the standard action are
already routinely included when accounting for spin and finite size effects. This approach, actually,
has already been employed to account for the presence of an electromagnetic field in addition to
standard general relativity [197, 306] and has also been applied to some modified theories of gravity
[206, 307-311]. From the results of such procedure then it should be possible to obtain observables
in specific models of modified gravity; additionally the possibility of constraining the additional
parameters would provide a much more specific and powerful test to look for possible deviations
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from general relativity. However, let us notice that this field has already been extensively studied,
also using several different formalism, and that the perturbative approach we outlined cannot
take into account non-perturbative effects, which actually may be important for the dynamics
derived from some specific classes of theories. On the other hand many observations have already
constrained deviations from general relativity to be small, therefore in order to obtain accurate
predictions it may be necessary to account also for higher order effects, such as spin and finite size
effects of the compact objects, when evaluating observables in these theories: the systematic nature
of the approach employed in this work could be suitable to include these phenomena.
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DERIVATION OF THE FEYN-
MAN RULES

In this appendix we derive the Feynman rules which have been necessary for the evaluation of the
diagrams presented in chapters 4 and 5.

In section A.1 we derive the expression for the propagators, both of the potential and the radiation
fields. In section A.2 we derive the Feynman rules related to the near zone effective action which we
presented in section 3.2.3, and which are needed to evaluate the conservative diagrams presented in
chapter 4. In section A.3 we derive the Feynman rules related to the far zone effective action, which
we presented in section 3.2.4: in particular we explicitly perform the matching procedure discussed
therein, obtaining in the end the Feynman rules which are needed to evaluate the dissipative
diagrams and the gravitational waveform in chapter 5.

Let us now discuss how to obtain these Feynman rules: to obtain the Feynman rules of a theory
in momentum space, we start from the action S of the theory, and we substitute each field W4 (z)
with its d + 1 dimensional Fourier transform

d+1 '
Wa(z) = / (;)dflwA(k) e~k (A1)

consistently with what we defined in the Notation, where A denotes a possible series of indices, e.g.
A =1ior A= jk, or none for scalar fields.

Next we treat the resulting theory as a quantum field theory over a flat background, that is, with
metric 7, = diag(+,—, —, —). Therefore we have that the free particle propagator of each field
is the inverse of its quadratic term in the action, as written in momentum space; instead the
Feynman rules for the interactions between fields can be obtained by taking the corresponding
functional derivatives of the other terms in the action and by then setting the fields to zero: this
singles out the sought-after interaction term. Finally in both cases we add the usual ¢ factor to the
so obtained expressions to get the corresponding Feynman rules.

Let us notice that in order to obtain a local Lagrangian it may be needed to expand the initial
action about the point where the field are vanishing, in such a way to obtain a well defined series,
where the operators of the Lagrangian are just powers of the fields evaluated at the same spacetime
point. We may then consider, in our perturbative approach, only the lowest order terms, up to the
required accuracy.

We also define the functional derivation as the operation fulfilling the following rules, for definiteness
specialized to the momentum space and only to the case of bosonic fields (as we’re not dealing with
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any fermionic field or Grassmann variable) [191, 225]:

SWa (k) )
(k) — (2m) 464D (k — K)o ap (A.2a)
PVAWMWBOD _ (o (5458 5~ K ac W) + WaRTEN K ~K)dc) (A2

where with d4p we understand the product of Kronecker deltas which enforce the two series of
indices A and B to be equal. For example, for the case W4 = A;:
dA;(k)
dA;(K)

= 2m) D (k) 6y (A.3)

Furthermore let us point out that if the field has some particularly symmetry in its indices, it would
be better to explicitly enforce it; hence, if instead we consider W, = o;;, with the o field symmetric
in its two indices, i.e. o0j; = 0j; = 0(;;), then its functional derivatives should also preserve this
Symmetry:
50’@‘(76)
dog (k)

1
= (2m) 41 61D (K — &) 3 (Gins1 + Oix0in) - (A.4)

=0(i|k0|j)1

Functional derivatives between different fields are vanishing, and let us notice that due to our
normalization convention it holds:

Ak SW(k)
/ ( =1. (A.5)

o)L 5T (k)

A1l | Propagators of the gravitational fields

From the bulk action, written as a function of the Kol-Smolkin variables, as reported in expression
(3.35), we can read off the propagators for the gravitational ¢, A; and &;; fields; in particular we’re
interested in the quadratic parts in each field.

To introduce the procedure in a less cumbersome way, in the following we will restrict ourselves to
the case of potential fields only, so by assuming the radiation fields ¢ = A; = 0i; = 0, in practice
then we also drop the hat from the field variables. We will instead introduce back these radiation
field in section A.3, when we will be concerned with the Feynman rules for the far zone effective
theory.

On a side note, let us also introduce some useful identities, which for example would have been useful
if we were to obtain the Feynman rule from the non-expanded expression of the bulk action, as in
reference [229]. To do so let us recall that indices are raised and contracted using the d-dimensional
metric tensor ~;; or its inverse 4%/, for which it holds (see also formula (3.30)):

O
Yij = 0ij + f ; (A.6)
thereby, using the Neumann series, we can approximate

3 oI (=1)" , ,

N = 1 4 Z o Z 5™ Gy O g - gmnm<n+1)5m<n+1)3
n=1 MMy 1) (A.7)

1 ) . 1 ; i
=0 - K Z 5Zm10m1m25m2] + p Z 5zm10m1m20m2m35m33 + 0(03) :

mi,m2 mi,m2,ms3
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Furthermore, assuming all the following operations to be well behaved, we can approximate the
square root of the determinant of the spatial part of the metric, /7, via the usual formal identity
for a matrix M with eigenvalues {\;}:

det(M) =[x = eloa(TT; M) = oXilos(h) — tr(log(M)) (A.8)

and assuming to be near the identity matrix M = 1 + A we can expand:

+oo

log(M) = 3 (1)

n=1

n
nt1 A"

- (A.9)

Therefore, recalling the linearity of the trace tr(aA+bB) = atr(A)+btr(B), we have, for y = 1+40:

+o0 n +oo +o0 n p
7 = eztrlos(149) — oy (; > Wtr(a”)) => ! (Z Wtr(a”)) (A.10)

n !
n=1 p=0 p n=1

where explicitly the trace of the power n of ¢ is given by:

tr(o™) = Z TimiOmams " * Omu_yyi - (A.11)

i7m17"'7m(n71)

The first terms in the expansion hence read:

1 1 1
VA =14 5t1(0) + 5 ((6(0)) = 2t2(0%)) + 1 ((8r(0))° = 6 t(0)tr(0?) + 81x(0*) ) + O(c) .
(A.12)
In particular now we understand all indices to be contracted via Kronecker deltas, as instead we
make explicit all ¥ ~ § dependencies, so for example therefore tr(o) = §¥0;;.

Moreover we point out that for example, if we were to use the bulk action as reported in reference
[229], some field interactions are implicit due to the simplified notation, for example:

(V¢)? =~79;00;¢ = 6 0;00;¢ — 667 51,0;00;¢ + O(02¢?) | (A.13)

while the expansion of the determinant (A.12) implies that for any term explicitly written inside
curly brackets in the action (3.35), there are also higher order interaction terms with the o;; field
due to the expansion in powers of tr(c). Hence it would be necessary to keep track of these terms
when considering interaction vertices, as we will do later on; but as long as we’re interested only
in the free propagators for the potential field, we would need only the terms of the bulk action
(3.35) quadratic in the fields: therefore, only in this case, we could truncate the series expansions
at \/7 =1+ O(0) and v = 6 4+ O(0).

B Propagators for the potential ¢ and radiation ¢ fields

Only in this section we’ll actually show the full procedure to obtain the propagator for both the
potential ¢ and radiation ¢ modes, by reintroducing back the ¢ radiation field.

In general we recall as well the discussion we presented in section 3.2.3, in particular below equation
(3.36), on how to separate the potential and radiation modes, and also on the subtleties related to
the extension of the Fourier integration domain over all the wavenumbers.

Returning to the computation of the ¢ and ¢ propagators, first of all we have to find the propagator
for the full ¢ field in Fourier space. To do so we have to consider the relevant quadratic term in
the bulk action (3.35), which are given by:

Spuik D —Cd/dd+1x [5’7&'&58}'&5— &2] +O(€}53,0<E52) : (A.14)
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We can then perform the Fourier transform and read off the propagator, see also [224, 225]:
. 1 S
Shutk D —Cd/dd+11‘ (5”&(250@ - ¢2> = (2Cd)2/dd+1$ " 0,90, ¢

:—@wg/hH%nW$@@$

_ 1 dd—l—l dd+1k dd+1k’ 5 L —ikx /.Ll/k/ k/ 9 k/ —ik'z
- _(2Cd)§ x(2ﬂ-)(d+1) (27-‘-)(d+1) ¢( )6 (_77 m z/) d)( )6
L d™k d™ME i ik 29137
= +(20a)y | @D @ $w T (F)Po(k)e(k)
=(2m)dt15(d+1) (—k—k')
1 dat+1E . .
= +5 |y 2eakt) SI-E)

27‘(‘) (d+1) ———
=D, (k)

(A.15)

with k? = ntk,k,, furthermore in second line we integrated by parts and assumed the field and its
derivatives to vanish on the boundary of the integration domain. The propagator for the qAb field is
now given by the inverse of the D ¢>(k) function with the addition of the +ie prescription, and the
corresponding Feynman rule can then be obtained by adding an additional ¢ factor, compare with
section 3.1.

However, since we're interested in the propagators for the ¢ and ¢ fields, we have to apply the
separation between potential ¢ and radiation ¢ modes, as in relation (3.36), so:

(k) = (k) + (k) . (A.16)

recalling as well that these modes have non overlapping support by construction (i.e. we assume

a step function as the window function in equation (3.39), such that ¢(k)¢(k) = 0 for any Fourier
mode k, which we take to hold also as ¢(k)¢(—k) = 0 since we perform the separation on the
basis of the values of the modulus of k° and |k|). This also assures us that there will be no mixing

between the potential and the radiative modes during propagation.

Therefore, since in this case the mixed term ¢¢ vanish (this won’t be the case in interaction terms,
as they will be evaluated in different k; and ko momenta), the expression (A.15) becomes:

d+1 _ _
S > 5 [ s Qeak?) (GR1S(F) + 6RI3(-E) (A17)

Then from the first term we can read off the propagator for the potential ¢ field. In particular,
by taking the inverse of the D ¢(k) function, adding the +ie prescription, and multiplying by the 4
factor (as discussed in section 3.1) we find:

k
—> 1

L A18

T 2eak e (A.18)

Applying this same procedure on the second term of expression (A.17) instead we obtain the
propagator for the ¢ radiation field:

7N\ 7 ~ (A19)



Section A.1 — Propagators of the gravitational fields 193

Then we can see that both propagator formally have the same expression, and therefore in the
following we will obtain simply the propagator for the potential modes; then the corresponding
propagator for the radiation modes will present the same expression.

B Propagator of the A, potential field

To relevant quadratic term in the harmonic gauge fixed bulk action (3.35) is:
gttty | Lsikgit 9 A\ _ 5104 A A2 HA2) - A
Sputk O T 55 ' FyjFy + (07 0;A;5)" — 69 A Aj| + O(0 A% 9A%) ; (A.20)
it can be rewritten as, by performing suitable integration by parts and Fourier transforms:
Shulk D /dd+1$

- / détly '(5““51'1 — gl 4 5@'15’“) (0:A;0, A1) — 5“30141-30144

(607" = a57%) (0,A4;00 A1) + (579,45)" = 69 4,

_ / A1y | — | 6k sTt —sisik 1 §MgI | (A;0,0,4;) + 69 AidedoA;
—_—
| —=—9§lill§ilk]
(A.21)

_ / A1 | 694, | —6M0,0; + dodo | A,

i =Nk 0,0y

dE Aty Cilk+ ke [sif

N / (27)(d+1) (277)(d+1) At ) (07 Ai(k) (= (K')?) A; (k)]

=(2m)d+15(d+D) (—k—k')

_1 Ak Ai(k) (=20 k%) Aj(—k)
2/ (@mEry T 2T ’

E@i{(k)
where in the third line we used the fact that 0;;0%) = %(8¢8k—(9k8i) =0, so (—6%87F +6K1671)9,0), = 0.
To obtain the propagator we need to invert D' (k): regarding the tensorial structure, the identity
matrix 6% is its own inverse; therefore the propagator for the A; potential field is given by:

K, P
. R - A.22
TR 2 k2 +ic (A.22)

From this expression, as discussed before, we can directly evaluate the propagator for the radiative
field A as well, which reads:

k
—> (Sij 7
PNV T 2 R e (4.25)

B Propagator of the 0;; potential field

The relevant terms needed to extract the quadratic term in the o;; field are:

1 » 3
Stk > 7 / d4+ly (5’Jaiaaja — 251 KM I, 0110 — 62 + 25km51”dkldmn) +0(0%,029) |
(A.24)
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Proceeding analogously as before we obtain:

Shutk O i / Qi (59 (5H 5™ — 2885 Dy D — (71— 2056516 )

1 g
-1 / A1y | (§Msmm — astmatny o | —5170,0, + 8000 | oy
~— ————
e

dd+1$ e—i(k+k’)x ((5kl6mn _ 26km5ln) le(k) (—(k‘/)2) Umn(k/)>
:(27r)d+16(‘dr+1>(—k—k’)

1 da+1k da+1y
- 4/ (2r)(@+D) (27)(@+D)

:2/(277)(d+1)0kl(k3) _5(5'“6 —26"61) k2 | o (—k) -

—pkimn (k)
(A.25)
To obtain the propagator we need to invert the tensorial structure of DE™7(k): in particular we
need also to preserve the symmetry of the indices og; = oy and oy, = on of the fields; therefore
we have to find a tensor P*™" (k) which satisfies [224]:

1
DE (k) P () = 5 (5;;551 + 55;5;,) : (A.26)

To do so we can start from the general ansatz
Prinpg(k) = A(K)dmndpg + B(k)Impong + C(Kk)dmeOnp , (A.27)
and, recalling that in d spatial dimension the trace of the spatial identity is 6% di; = d, we obtain:
k_Q
DE™™ (k) Pranpa (k) = =5 (A(R)(d = 205580 + B(k) (0785 — 2650} + C (k) (075, — 2653) ) -
(A.28)
By comparing equations (A.26) and (A.28) we see that the coefficients are B(k) = C(k) = # and

A(k) = —ﬁﬁ. We conclude that equation (A.27) gives us the propagator, modulo the ¢ factor;
hence the Feynman rule for the propagator of the o;; field is given by:

k
—> 1 2
i K T 9K 1 e <_d — 25¢j5kl + 0ikdj1 + (5il(5jk) . (A.29)

Also in this case we can generalize the previous formula to obtain the expression for the propagator
of the radiation & field as well, which reads:

k
—> 1 3 2
if L kT 2R e <_ d— "0 T oot 5”51"“) ' (4.30)
Al11 Non-relativistic expansion of the propagators

From the above expression for the potential propagators, we can directly apply the non-relativistic
expansion (3.49) which we described in section 3.2.3: this expansion allows to recover the definite
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PN scaling when evaluating the relevant diagrams. Then the explicit expression for a propagator
with n insertions is given by:

k

—> 1 i [((E92\"
e ~maE() -
n
e G i (2"
. - pu— A. 1
e Y () (A310)
k
—> 1 2 i ((E9)%\"
g oo % ...... kl :—5 d 261]6kl+52k5]l+5115]k W W . (A.31C)

A.2 | Near zone Feynman rules for the conservative sector

A21 Worldline-gravitational fields interaction vertices
B Expansion of the worldline point particle action

To evaluate the Feynman rules we need to expand the non linear action terms in order to obtain
a polynomial expression in fields. Therefore, by considering the worldline point particle action
written as a function of the Kol-Smolkin fields (3.33), and notice that it can be rewritten as

SRk, §, Ay, 645] Z Ma / dtd¥ e 69D (1 — 2,4 (1)) f(®, A, D) (A.32)
with
1
F(@,A,8) =e® [(1 - A)? — e P2 — ¢~ ®%]> (A.33)
where we have defined ® = %, A= %v and ¥ = U” vivd.

Now we may obtain the coupling between the worldline, and N ) c}b fields, Ny A; fields and N;

i fields by looking for the ®Ns ANA N5 term in the Taylor expansion of the f(®, A, ) function
about ® = A; = 6, = 0. In fact we obtain:

f(q) N Z) _ oo 1 8(N3,+NA+N5)f(O,070) (I)N(;> ANa sNs
o N;avN;pN&:oN&!NA!N&! oY@ ONa A 9No T
B 0f(0) of(0) of(0) 9% f(0) d*f(0) d*f(0)
=F0)+ 55 2+ 54 At Tax 2 9004 24T Faox Ot gaox
10°f(0) .o  10%f(0) o, 10°f(0), , 8°f(0) 19%f(0) _,
2 020 ® 2 024 A 2 02% > 8¢6A82(I)AE §a2<1>aA(I)A+""

(A.34)
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The explicit result can be promptly obtained in a software like Mathematica, and it reads:

2+ (=2 +cq) v2 1 1
P, AY) =/1—-0v2+ P4 | ——— | A+ [ ———— | =
i ) ( 2y/1—v2 1—v2 2y/1—v2
—2 4 (2 +¢q) v? 2+ cq (-2 4 v2) — 202 1
) PA+ | — P4+ —— s | AD
+( 2 (1 —v2)3/2 * 4 (1 —v2)3/2 * 2 (1 —wv2)3/2

1 4+ 02 (=8 —2(—2+cq)cq+ (—2+cq) 2v2) o2 L[ v2
4(1 —v2)3/2 2\ |

2
1 2 —1+v2) +cq (2+2)
+2< 1—1;2 3/2>E +< 4(1—02)5/2 PAX
(
4

1( A2 (82 (2+cd>cd—<2+cd>2v2)>¢2A+.__

_|_

2 1= 02)52

(A.35)

From this action the we can derive the interaction vertices between a worldline and gravitational
fields, both potential and radiative ones: this still follows from the expansion W, = W, + W,
which we have already presented.

In the following we will present some explicit derivations of the Feynman rules corresponding to
the interaction terms encoded in action (A.35); still for now we will restrict ourselves to the case
of potential fields only.

B Example: interaction vertex between worldline and potential ¢ field

As explained at the beginning of this appendix A, to obtain the momentum space Feynman rules for
the interaction vertex between the worldline and a single potential ¢ field, we have to take a single
functional derivative with respect to the ¢(k) field in the (Fourier transformed) Sy,[zh, ¢, A%, o¥]
action, set all fields to zero, and finally add an i factor. We can directly start with the only relevant
term in the expanded action (A.35) which will give a non vanishing contribution, which is given
by:

2
PP i _ij A1, s(d+1 24 (—2+ca) vy ¢(z)
SEP [t ¢, A", 0] > —;Zl:ma/dtd g 6D (1 — z4(1)) ( N L (A36)

Inserting the Fourier transformed field ¢(k) field we obtain:

2

d+1 B ) .
SZ()II)’P) D) —Z Mo /dtdd—&-lx d“Tk 5(d+1)(x — (1)) <2 + (=2 +¢q) v“)gb(k;)e‘”“”

d+1
— A (2m)®+ 2¢/1—v2 (A.37)
2 d+1 9 _9 2 ) .
_ Z Mg /dt d"k + ( + Cd) Vg ¢(k) e—zkma(t)
A 2m)dt! 2\/1 — 02
Taking the functional derivatives, and setting all fields to zero, we obtain:
(PP) 2 d+1 2 _9 2 )
o(K) p— ) 21—z (A.38)
2 ’ '

Z M /dt ( —2+cq)v 2) o~k za(t)
—= A 2v/1 — 02
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from which we can read the Feynman rules once we add the ¢ factor, with the momentum incoming:

®
¢: Tk; _ Zma/dt <2+2 2+cd) )eik’”“(t). (A.39)

Definite post-Newtonian scaling of the interaction vertex

Let us notice that the coefficient in front of ¢ depends on the velocities v2 of the compact bodies,
therefore to have a definite scaling in the post-Newtonian expansion, we have to expand it to the
desired order:

2+ (=2 + cq) V2
2y/1—v2

>:1+;(cd—1)v2+é(20d—1)v +T6(3Cd_l)v +0(v}) . (A.40)

This can be done also diagrammatically, in which case the expression (A.39) is expanded as a
leading term and a series of velocity insertion in the vertex, denoted with a crossed dot, so for

example:
2 m
. a —ikzq(t)
b Tk = zglA /dte , (A.41a)
| a=

2
. » —1
¢: Tk = —iZTX/dt ¢~ thwa(?) <Cd2> v? (A.41b)
| a=1

2 % 2 m, 2cqg— 1
= la —ikza(t) (224 ~ ) 4.
Z}Zl A /dt e ( 3 > v, (A4lc)

in particular if the diagram (A.41a) enters at order n-PN, (A.41b) and (A.41c) are corrections
which enter respectively at order (n + 1)-PN and (n 4 2)-PN. Nonetheless it is customary to use
the vertex expression exact to all orders in v, i.e. the Feynman rule (A.39), and then expand the
final result to the desired PN order only at the end of calculations; or at least after having joined
all the Feynman rules [235].

B Example: interaction vertex between worldline, one A; and two o, fields

To show how to generalize the previous result, let us consider the more general case of the interaction
between a worldline, one A; potential field and two o potential fields. The relevant term in the
point particle action is given by:

Z [ 1558 @ = an0) | 55 (e ) (Ao vt

(A.42)
We replace the usual Fourier transform of the fields to obtain, recalling our compact integral
notation (see Notation), and we take the needed functional derivatives, recalling also the rule
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(A.2b) for the functional derivation of product of fields:
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(A.43)

Taking the final functional derivative and setting all fields to zero we obtain:
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(A.44)
Therefore the Feynman rule for the worldline-Ao? interaction vertex, assuming all momenta to be
incoming, is given by:

TkQ\ = —iz ma/dt e (k1thkaths)za(l) <—3 (1 — v2)_g> vivioFoly™).
Y — A 4 ( )

o
) ik lm
(A.45)
B Generic interaction vertex between worldline and potential fields

We can generalize the derivation of the Feynman rules for the interaction between the worldline
and potential fields by drawing on the examples we have seen so far.

Let us consider the interaction between Ny ¢ fields, Ny A; fields, N, o potential fields and a
worldline. Recalling the expansion (A.34), the relevant term for the ®V¢ ANa¥Ne interaction in
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the point particle action is given by:

2
S{EP [k, ¢, A, 6] > — Zma/dtdd“m 8 (@ — 4 (t))
a=1
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(A.46)
‘We then Fourier transform all the fields:
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1 1
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(A.47)
We then start performing the required functional derivatives. In particular, applying the general-
ization of the rule (A.2b) for the functional derivation of products of the same fields, we’ll obtain
the symmetrization of the Dirac delta over the momenta and of the Kronecker delta over the spatial
indices. By performing the integrals and the sums over these delta functions, we’ll obtain exactly
the same factors Ny! times for the ¢ fields, N4! for the A; and N,! for the oj;: in fact the momenta
of each field appear only in the sum inside the exponential, therefore they can simply be reordered.
Instead the Kronecker delta from the functional derivatives of the A; and o;; fields are all contracted
with the product of the same quantity, the three-velocity v of the body a; hence also in this case
we can reorder the terms to obtain exactly the same factor each time. This means that we can
simply evaluate a single term and multiply it by (Ng! Nao! N,!), which therefore will exactly cancel
with the m factor which came from the expansion of the action; and identify the external

LoD N s@15+5AN 4 37150057 Ny

X e

momenta directly with the momenta in the exponential, as long as they become to the same type
of field. Finally, adding the i factor, we obtain the Feynman rule for the worldline-®N¢ ANAYNo
interaction vertex:

Jiki - N, kN,

2
= i g [ dt e e g e () L QWetNatNo)£(0,0,0)
- =1 ’ ANo+Na+No  gNs P 9Na A ONo Y

(0l o)l o) )]

(A.48)
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Furthermore the symmetry factor associated to the above vertex (A.48) is given by Ng! Na! N,!.

B Explicit expression for the necessary worldline-potential field interaction vertices

We can obtain the sought-after Feynman rules for the necessary interaction vertices by specializing
formula (A.48) to the corresponding case. In the following table A.1 we show the Feynman rules for
the interaction vertices which have been used in this thesis work, and their leading order scaling.

Vertex Corresponding expression LO scaling
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TABLE A.1 Feynman rules for the interaction vertices, between a worldline and potential fields, most of

which have been used in this thesis. The last column reports the leading order scaling of the corresponding
vertex, as evaluated by the power counting rules (3.59); in particular all of these vertices have p = 0, as for
example the worldline-A? vertex has been neglected as it has r = 2, thereby scaling as L°v% instead of L°v*.
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A2.2 Gravitational potential fields self-interaction vertices

We now turn to the Feynman rules for the self-interaction vertices which are encoded in the bulk
action (3.35). In this case we have already reported the expanded form of this non-linear action,
therefore we can directly read the relevant terms from the expression of the action. If instead we
had started with the action as reported in reference [229], then we would have needed to expand
it as explained in section A.1. Let us also notice that in the bulk action (3.35) we report only
the terms relevant up to 2PN: the same Feynman rules which we will derive in this section may
actually receive corrections from terms in the bulk action with the exact same number of fields,
but different number or time and spatial derivatives.

Let us recall once again that such action prescribes the interactions for the W =W + W fields, so
self-interaction vertices containing both potential and radiation fields; in the following instead for
simplicity we will restrict ourselves to the case with only potential fields; we’ll take into account
also radiation fields in section A.3.

B Example: ¢* interaction vertex

To obtain the interaction vertex between three ¢ fields we can directly read the relevant term,
proportional only to @3, from the expanded bulk action (3.35), as this is the only one which is
going to survive after the application of the relevant functional derivatives and setting the fields to
zero. This term reads:

C(2l d+1 22
Shulk D A /d T) @ . (A.50)

We can then Fourier transform the ¢ fields and then take the functional derivatives, using the
generalization of the rule (A.2b) for the functional derivative of the product of fields:
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+6@ D (g) — k)@ (g — k3)5(d+1)(Q3 — k1) + 0 (g1 — k3)6 Y (go — ko)6l ) (g5 — kl))]

(A.51)
We can therefore see that the functional derivatives symmetrize the initial expression with respect
to the momenta; in fact, performing the integration over the Fourier momenta q1, g2, g3, the Fourier
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exponential evaluates always to the same expression e *(k1tk2tks)z  while the only difference be-
tween the 3! terms is due to the ngg factor inside the integrand, thus this factor gets symmetrized.
In fact, setting all fields to zero, the only term of the derived action that remains is the one we’ve
been working on, and now it reads:

3 2
0 Sputk _C

6 (k3)dgp(ka)op(k1) — A

At g emilkithatka)e (B0 1 EOKS + KDES + KDES + K9KD + KSKYD)

(A.52)
We can now perform the integration over the spatial variable:
0° Stk 2€5 11010 1 1020 4 1070 / d j
w =2 (VR0 + LY o+ KUk d +1x€—z(k1+k2+k3)ac .
36 (k3)og(ka)op(k1) — A (kahs + Kiks + kkz) (A.53)

:(27r)d+15(d+1) (—k1—ka—k3)

Finally, adding the i factor, we have that the Feynman rule for the ¢> self-interaction vertex, with
all momenta incoming, reads:

¢ \ ¢ 2
2
kL /) —————— :z’(27r)d+15(d+1)(k1+k2+k3)%(k8k§+k?k§+k?k8) . (A.54)
<
/%
;@

We can notice the presence of the d + 1 dimensional Dirac delta in the £ momenta, which enforces
momentum conservation in this vertex.

B Example: ¢’c interaction vertex

To obtain the ¢?¢ interaction vertex we read the relevant terms from the expanded bulk action
(3.35) up to 2PN:

Shutk D —% / Az [0%0;,007¢ — 2 (04;0' 00 ¢)] (A.55)

Let us now Fourier transform the expression and take the needed functional derivatives, enforcing
the symmetry of the indices of the oy field:

C i r . MmNl T . .
SbulkD_i / / d¥ g emi@tartas) [5’“5mn(zq2 )(iq}) — 2 ((ZQ’S)(’Lqé))] owi(q1)p(a2)B(q3)
491,492,493

O Shulk
605(k1)

(SQS[) 1k Cd d . .. . .
_ Mowk @ 2 +1/ /dd+1 ’L(k1+q2+q3)1' 61] . o i g j i
59 (k20013 (k1) > 5y (2m) - ze [ (az - as3) (q2q3 + qug)}

¢ —1 T 1 i o i od
) 21/ /dd“:ve (k1-+g2as) [W(qz “q3) — 2 <CJ§Q§,)] 5 0601+ 61674)$(a2) 8 (as)
q2,93

X (5(d+1)(Q2 — k2)¢(¢13) + ¢(Q2)5(d+1)(CI3 - k2)>
Cd 2(d+1) d+1,.  —i(ki1+ge+qs)z | sij . (i J i
2 5y (2m) /qm /d Te [5 (92 - q3) (qu3 + q2q3>]

X (5(d+1)(Q2 — k2)0 ) (g3 — k3) + 6D (go — k3)\ ) (g5 — kz))
(A.56)

&3 Sputk
0p(k3)0¢(k2)daij(k1)
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Evaluating the integrals and setting the fields to zero we obtain:

5% Shulk Cd i o o .
U — %159 (ko - ka) — k:zkj—l-k]k‘z /dd+1 —i(k1+ka+ks)z
aTsat g ~ & L0 ko) = (KK )] [t (A.57)
—(2m)d+15(d+) (—ky —ko—ks)
Finally adding the 7 factor we obtain the corresponding Feynman rule:
\
k
\\ \ 3
¢\
o .. L o
. e o i = i (2m) D (g eyt k) < <5a(k2 k) — (k5k§+k§kg)) . (A.58)
2 , - A
// k1
P

B Feynman rules for generic potential bulk self-interaction vertices

The first step in the derivation of the Feynman rule is to substitute to each field its Fourier transform
(A.1); after having done so, any temporal or spatial derivative is applied to the exponential, e.g.
Waz) — fq e 4% (—ig"Y\Wal(q), and O;Wa(z) — fq e~%%(+iq")Wa(q) and so forth for higher
derivatives, for example 0;0,Wa(x) — — fq e~%% gig* Wa(q); let us remember that we take all the
momenta as incoming.

The next step, as outlined at the start of this chapter, is to perform the functional derivatives with
respect to the all the fields which appear in the action term. This step also tell us which is the
diagrammatic representation that corresponds to the Feynman rule we're computing: considering
for definiteness the Feynman rule (A.58), in its derivation (A.56) we obtain the Fourier transformed
fields ¢(q1)¢(g2)oki(g3); then we’ll have to take the functional derivative with respect to all of them.
For this particular example we may do so by parametrizing these fields as o;;(k1), ¢(k2) and ¢(k3)

and taking the functional derivative with respect to 5 L ¢(‘;:2) Sor ) doing so we will obtain a
ij

diagram like the one depicted in (A.58), with the given k1, ko and k3 momenta and ij indices.

Let us notice that if there is more than one field of the same type, e.g. ¢"™ with n > 2, then
when applying the functional derivative we’ll have to resort to the rule (A.2b) for the functional
derivation of the product of fields: the net action of this procedure, once we integrate the Dirac
delta in the momenta with the Fourier momenta integrals, is to kind-of symmetrize (as we're
dealing with bosonic fields only) both the spatial indices and the momenta factor which appear
in our expression. To make this point more clear, and point out the subtleties in the previous
statement, let us assume to have a Lagrangian term of the following kind

L=c AJ1 Z 834‘432( ) AJ3($)

; i " A.59
= —ZC/ ) Aj (q1) Ajy(q2) Ajy(gs) e (q1+q2+g3) ( )
q1,92,93

and, once defined for convenience 6.4 % = §(@+1) (g — k) 6, such that gﬁfg ((Z;; (2m)d+1 6](‘11112 k),

let us perform the aforementioned functional derivatives:

0L

2 d+1 / Ja 0\2 —z‘(q1+q2+q3)x (1 k‘l) A A
(5‘4@1 (kl) ( W) 41,02,03 (q2 )(Q3) € (511J1 J2(q2) 13(Q3)

(A.60a)
A5 (1) 08 Ay () + Ay (a1) Aga(a2) 60857

1172 2173
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5A12(kj)25£A“(k1) i) / )yt
x (S0 51874 A5 (gg) + 01087 g (o) o0 (A.60b)
o S A (a) + Ay () 67 S
007 Ay (a2) 0057 + Ay (qr) 027 87
3L

2 (d+1)c/ qj“ @ 2o—i(q1+g2+g3)w
5, (og)0 Aey (R )0 An, oy — 2™ @)@)

(q1—k1) c(g2—k2) (qfk) (@1—Fk1) s(g2—ks) c(g3—k2)
x (6i1J1'1 ' 5@‘2]2‘2 ’ 5i3;‘3 ’ 511;1 ' 5i3]22 ’ 512;3 ’

+5(Q1 k2) 5(!12 k1) 5(613 k3)+5(fh k3) 6((12 k1) 5(% k2)

2J1 1J2 2373 1371 11752 i2j3
(@1=k2) s(a2—ks) s(as—k1) | slar—ks) s(a2—k2) slas—hn)
ol h) glia k) glaahn) . glai—ha) a2 mke) glas ) (A.60c)

_i(gﬁ)3(d+1) c/ (q§4)(qg)267i(q1+qz+qs)m
q1,92,93

(m1=kx1)) (22=Fr@) (3=Fx))
X Z 5i7r(1)j1 5%(2)]’2 5 ir(3)J3 ’
TESs
where in formula (A.60c¢) we introduced S,,, which is the symmetric group formed out of n elements,
and m € S, which represents one out of the n! permutations of n elements: therefore with the
notation ZWES:; we understand the sum over all the permutations of the numbers 1,2,3; e.g.
Yomes, f(m(1),m(2),7(3)) = f(1,2,3) + f(1,3,2) + f(2,1,3) + f(2,3,1) + f(3,1,2) + f(3,2,1).
Performing the integration over the Fourier momenta in equation (A.60c) we find

3L

k)j4 2 —i(kﬂ(1)+kﬂ(2)+kﬂ(3))$ 62 . 51 . 62 .
5Az3(k3)5Az2(k2)5Az1 kl ZC;;,( ) € (11 ()72 W(S)JB)
_ _Z'cefz(k1+k2+k3)m Z ((kf(g))(k?r(g))Q 6iw(l)j1 5z‘,r(2)j2 (51'”(3)]'3)
TES3

=—1 Ce_i(k1+k2+k3)m((kj4)(kg)26i1j15i2j25i3j3 + (k§4)(k8)25i1j15i3j25i2j3
(k )(kg) i2J1 11j25i3j3 + (k§4)(k(1))2 5i2j16i3j25i1j3

(k 4)(k(2)) i3]1 11j2512j3 + (k%4)(k(1])2 5i3j15i2j25i1j3) )

(A.61)
where in the second line we used the fact that the sum of momenta in the exponential takes the
same form for each of the permutation = thanks to the commutative property of addition. We can
notice that if there were no spatial or temporal derivatives acting on the fields in the original action
term, then we would have achieved a complete symmetrization of the indices, hence obtaining
31631151 0)is|520]is)j5; instead the presence of derivatives create k terms, which then require us to sum
appropriately over the permutations of the indices in order to get the correct result. Let us also
recall that if we're dealing with the symmetric o;; field, then to preserve the symmetry of its indices
we should use the symmetric formula (A.4) for its functional derivative.

Finally at the end of these steps, in the action the only integration left is the one over %1z, which
multiplies the Fourier exponential; in this exponential the position x is contracted with the sum of
over all the field momenta, which we assumed to be incoming, therefore, recalling notation (N14)
and that the Dirac delta is an even function, this terms yields:

/dd+1x e i(Zik)e = (2m) L 5D (T Ky (A.62)
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hence we can see that this Dirac delta enforces the momentum conservation for each bulk interaction
vertex.

To parametrize the most general action term then we use the following compact notation

Nw

SW
S>T” / ae T |11 f[ajcw,b (& Yy wow || (A.63)

W=¢,A,c |b=1 c=1

In this expression W is the usual placeholder variable for the several potential fields, W = ¢, A, o,
and the outer product has the goal of considering each of these fields. We also introduced the
general index J" by which we understand the several indices that are carried by each W field,
SO ng?b} = ¢, AJ{Ab} = Aj;;, OIy = Oty )iy for example oJ7, = 0473 We then have to
consider that each field can appear multiple times in each action term, and we denote with Ny
the number of times the field W appears in the action term; hence the Hévz " product iterates over
them. Furthermore each of the fields, which this latter product is iterating over via the b variable,
may possibly have several time derivatives and spatial derivatives acting on it; in fact, for the term
identified by a given W and b variables, we denote with ¢/ the order of the temporal derivative
acting on it, and with SZV the number of spatial derivatives acting on it; additionally we denote
the index of the c-th spatial derivative as jZV”. Finally 77 is a position independent tensor which
contracts all the free indices which appear inside the spacetime integral, so in particular Z is the
ordered list of these indices, schematically Z = (jf1 jé“ g7 .jf”l jg’l .. .jfm .. .le’l . .j‘f’l .. )
Let us now evaluate the Feynman rule corresponding to such an action term like (A.63): first we
denote via kgv the incoming momentum of the b-th field of type W, and to it we also associate the
generic spatial indices 1 V})/ , with the same convention presented above. Therefore the diagrammatic
representation of this Feynman rule R and its corresponding expression are:

R = (i 2n) 15D (5, 1)) T2

Nw sy’ Wb W
<1 | s (1l <+¢ (%) ) (=) i
W=¢,A,0 7T€SNW b=1 c=1

(A.64)
In the Feynman rule we added the usual i factor, we denoted with >, ki = > y_y 4, Zé\;“{ kY

the sum over all the momenta of the fields, which we choose to be all incoming; furthermore we
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denoted with 7(-) € Sy, the permutations of the numbers 1,..., Ny . Finally we introduced the
tensor d;w ;w , with the function of enforcing the corresponding spatial indices to be the same,

IO !
that is

iftW=2¢
fWw=A4 (A.65)
HW=c0c.

1
5ib/jb

5 w w =
Ty .

1 (5.
2 1

J

(26717 (2b) + 0 0

(2 —1)J(2b—1) (2v)J (2b—1) i(zb’—1)j(2b))

The symmetry factor associated to the vertex (A.64) is given by
Sr= [ Nw!)=Ng!NaN,!, (A.66)
W=¢,A,c

as we’re dealing with bosonic indistinguishable fields.

B Potential ¢>A interaction vertex

We can now employ the result (A.64) derived above to evaluate the Feynman rules which we will
need. One of them is the ¢2A self-interaction vertex. The relevant term in the bulk action (3.35)
reads:

) ) .
Shute O —% 4+l {¢Aial¢} (A.67)

We can the cast this expression into the form (A.63) by rewriting (A.67) as:

s (27 ) [t o) (30)) (4]
()

6,2 A
=771 N1

(A.63)

that is, we recognize that Ny = 2, Ny = 1, N, = 0, that the only temporal derivative results in

tf = 1, and that the only spatial derivative results in Sg = 1, while all other tXV and SZV coefficients

are vanishing.

Then from formula (A.64) we can directly read off the corresponding Feynman rule, which reads

R = (z (2m)HH1g(d+D) (k:‘f RS+ k{‘)) <—2f\d§jf,2ﬂ'f‘>

jim 2 (A.69)
(™) )« (45 ()7) (02)| ]
and after a relabeling of the momenta and spatial indices:
\
\ k3
A : . d+1 5(d+1) 2¢d 1,0, 07.i
/

o
ko

e
//’ k1
;@

/
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B Potential ¢ A? interaction vertex

We can proceed similarly to we have just done also to derive the Feynman rule also for the ¢A?
self-interaction vertex. The relevant term in the bulk action is (3.35):

Stk > 1 / i [((0:A) — (04,07 A) + (9,409 A7) ) 6] (A.71)

and proceeding as presented above we find:

92 3 o o
ke ymmmm-- = i (2m) 10D (k4 + k) S (07 (Oer ko) + ik — KRS ) . (A72)

Let us point out that in reference [65] the Feynman rule for the ¢A? vertex reports a prefactor
of 2 in front of the Kronecker delta % with respect to the result we found (A.72). However in
this thesis work we have employed the expression (A.72), for example in the evaluation (4.55h) of
diagram A(yp,), obtaining the correct result according to the literature [235].

A.3 | Far zone Feynman rules for the dissipative sector

In this section we’ll explicitly derive the Feynman rules relevant for the far zone effective theory,
proceeding as discussed in section 3.2.4. In particular these results will be employed in chapter 5
to evaluate the leading order dissipative contributions.

A3.1 Feynman rules for bulk vertices involving radiation vertex

The derivation of the Feynman rules for the bulk vertices, so involving only gravitons, is similar to
what has been presented so far: in practice up until now we’ve only considered potential gravitons
W, entering in the vertices, nonetheless the actual expression for the bulk action is written as a
function of the generic W, fields, which are then separated into potential and radiation modes
Wa = W, + W4, as already discussed in section 3.2.4.

Then we can directly derive the momentum space Feynman rules simply taking care of performing
the aforementioned expansion, taking care of considering the potential and radiation modes as
different when performing the functional derivations, and therefore selecting only the relevant
contributions. Below we’ll explicitly derive two mixed potential-radiation bulk vertices.

B Example: ¢?¢ interaction vertex

To obtain this interaction vertex we have to consider the term in the bulk action (3.35) which
contains exactly ¢ fields, as it will be the only one which is going to remain after the application
of the relevant functional derivatives and setting the fields to zero. This term reads:

Sbulk:_x d™x ¢ ¢+ 0(co ) . (A.73)
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We can then Fourier transform the g?) fields and split them into potential and radiation modes, as

b=+ ¢.

C2 —3 x4 . -~ . o
S > = [ [ttt o) (igh)dlan) (- iad)dlas)
q1,92,43

C

/ 49 8 / Ay e Rt (6(g1) + 3(q1))(6(g2) + (42))(d(as) + H(az)
,42,93 (A74)

=+

=G

To proceed then we can take the functional derivatives, using the generalization of the rule (A.2b)
for the functional derivative of the product of fields; in particular, as we're interested in finding the
Feynman rule for the ¢2¢ bulk vertex, in formula (A.74) we can keep only the terms containing
two ¢ and only one .

c? :
S (Qﬁ)dﬂj\i/ /dd+1x6—%(q1+qz+q3)mngg (5(d+1)(q1 —k)o(q2)0(qs)
q1,92,93
+6(q1)0 D (g2 — k)(as) + d(a1)d(az)8 T (g5 — k))
2 .
) (277)2(d+1)c[€/ /dd+1x [e_Z(Qﬁqﬁ%)mngg
q1,92,493

(5(d+1)(q1 _ k)(;(dﬂ)(qQ — k1)é(g3) + 5(d+1)(q1 — k)¢(q2)5(d+1)(q3 — k1)
+ 0D (g — k)0 (go — k) b(g3) + ()88 (qo — k)6 (g3 — ki)
+0H D (g1 — k1) (g2)d“V (g3 — k) + ¢(q1)8 Y (qo — k1)6 @Y (g5 — k))]

6% Shuik
5¢p(k1)89(k)

8° Spulk (1) C »
Ll D (27 (+1)d/ /dde e 1(q1+q2+q3)zq0q0‘
settaatiam > F R, ] b

. (5(d+1)(q1 — £)5@HD) (g — k)6 (g3 — Eo) + 69D (g1 — £)S@HD) (g — ko)D) (g5 — K1)
+ 61D (g1 — k)6 (g — k)6 (g3 — ko) + 6D (g1 — ko) (go — k) (g3 — Ky)

F8D (g1 — k1) (go — K2)8\ Y (g3 — K) + 81D (g1 — k)3 D (g — k)3 (g5 — k))]
(A7)

Performing the integration over the momenta we obtain:

& Shuik c — m
ot = [ e e O (KD RRD KRS+ K] AR+ A)
(A.76)
and performing then the integration over the spatial variable:
8% Shutk 203 01,0 07,0 oo/d ;
= S (RRD + KK + KOKD) [ ditlgemih iR
Solkn)olkn)batR) — A ik IR RR) e (A77)

=(2m)d+15(d+ D) (—k—ky — ko)

Finally, adding the ¢ factor, we have that the Feynman rule for the ¢?¢ self-interaction vertex, with
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all momenta incoming, reads:

\

' \kz
d) \

\ (_b 9 9
" YNNI =i (2m) TS (4 Ry + k) =2 (KOKS + KOKYD + KOKY) (A.78)
1 y A
2w
P

B (G interaction vertex

In the following we’ll need the Feynman rule for the ¢?¢ interaction. Its expression can be read off
directly from equation (A.58), because the derivation goes through analogously once one considers
o instead of o as the field with respect to which take the functional derivative: then the Feynman
rule for the ¢?G vertex reads

' \kS

\

k

[0 \\ <
BN o . . . Cd i 3 7 i 1.4
l@/ g 4 :z(27r)d+16(d+1)(k+k1+k2)X(53(k1-k2)—<k1k§+k{k2)> . (A.79)
/
S/ ¢
/
A.3.2 Worldline-radiation vertex

We're now interested in computing the Feynman rules for the coupling between W, radiations
field and a worldline vertex in the far zone effective theory: we recall from section 3.2 that in our
notation the square in the diagrams represents the worldline in the far zone effective theory. From
that section we also recall that in order to obtain these Feynman rules (or the associated terms
in the action) we have to perform a kind of matching procedure: in fact we’ll have to evaluate
the corresponding diagrams in the near zone effective theory, by considering the relevant radiation
fields W, as external particles with fixed momentum.

Doing so then the evaluation of the diagram still goes through similarly to the evaluation of con-
servative diagrams that we performed in chapter 4, yet we have to apply the methods presented
in section 3.2.4 in order to correctly recover a definite post-Newtonian scaling behavior. On the
other hand we recall the definition of the multipole moments from equation (3.67), but also that,
for the precision we’re aiming for, we may neglect the terms in the final far zone Feynman rule
which are proportional to conserved quantities, as they will give a vanishing contribution to the
final diagram: we’ll exemplify this point below here.

B Worldline-¢ vertex

In order to evaluate diagrams (R1) and (R2) in chapter 5, see figure 5.1, we need the Feynman rule
for the Worldline-¢ in the far zone effective theory. The expression for such a vertex can then be
obtained by performing a kind-of matching procedure with the near zone effective theory, which
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amounts to evaluating in such theory the following diagrams:

_"’T\k = ’_:—T\k + ¢i _:&’T\k + A -;_T\k

_ [0 [0
PR :V\k : |
I - k ' k
+ I + S + - A.80
;P &h:_ Qf)l" \Y,\\ A - \Y,\\ ( )
66 G Ty i

In particular, recalling the discussion about the radiation scaling rules we carried out in section
3.2.4, we find that the first diagram after the equal sign contributes at leading order as O(L% v%),

the second as O(L% vg), all the others as (’)(L% v%) In theory then we’d need all of the above

0
diagrams in order to evaluate the radiation effective action, i.e. diagrams 5.1, up to order O <L v%) .

In practice, once we’ll evaluate the first diagram below here in formula (A.82), we’ll find that its
first terms will be proportional to conserved quantities (in particular the mass m and position
of the center of mass x¢ps), and the first non-conserved quantity will be the mass quadrupole
moment M;;: therefore, for the precision we’re aiming for, the first diagrams effectively scales like

(’)(L% v%> In fact, when in chapter 5 we’ll construct the diagram expression starting from the

Feynman rules (e.g. in the simplest case by taking the square of the same Feynman rule), we’ll have
that even if in the final results the temporal derivatives are applied to a non conserved quantity,
which we’ll denote with g(t), then we can always integrate by parts at least once to move the time
derivative to the other quantity, which we’ll denote f(t):

/ at ()59 () ~ - / at &9y (A81)

dte dt ~ 7 dte-!

to obtain a vanishing result; it is then clear that if either f(¢) or g(t) are conserved quantities, they
won’t contribute to the diagram we’ll compute in chapter 5.

Therefore, once we choose the reference frame of the center of mass, we’ll find that the first diagram
actually first contributes at order (’)(L% v%), hence we’ll need to consider only the first and the

second diagram to obtain the needed Feynman rule at order (’)(L% 1)%); we evaluate them in the

following, in a similar way to what is done in references [43, 206].

Worldline-¢ vertex — First diagram

We now explicitly evaluate the first diagram from expression (A.80): we need the expression for
the worldline-¢ vertex, which nonetheless in practice is identical to the one for the worldline-¢
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potential vertex. In fact in equation (A.37) we actually had found the expression for the generic
Worldline—fb vertex, and there we could have considered the radiation ¢ field instead of the potential
¢ field after performing the ¢ = ¢ + ¢ splitting, obtaining in practice the same expression (A.39).
Using then that near zone Feynman rule, and considering the ¢ field as an external particle with
momentum k, we find:

a=1

2
\ ] My . 2+(—2+Cd)’02
_ N — —q ha dt e ik (t) a
¢ ¢ Tk Z A/ 2y/1—v2
’

2 8
= —izﬂ;\a/dt ek (1 +i(k - xq) — %(k.xa)2 + (9(213))
. <1+ (Cd21)112+(’)(v4)>
1 2 2 12
= —iA/dt e_ikot (Zma—l—i (k- <Zmaxa > Zma (k- x4(t
a=1 a=1 a=1
(cg—1)
d2 Zmavg + O(v3)>
2
VS it o)

(A.82)
where we recall the definitions (3.67) for the multipole moments. As explained before, according
to the choices we made in section 3.2.4, we can set x,, = 0; on top of this also the first term can
be neglected, as it is proportional to the total mass m, which at this order is a conserved quantity.

. a0t e —1 2cq — 1
:—izn;\/dte 0t gillexa(®)) <1+(Cd b2 2Lty o )>

= —z/dt ekt (m—{—zmk‘ Thny — ,kzij” +

Worldline-¢¢ vertex — Second diagram

To evaluate explicitly the second diagram from expression (A.80) we need the worldline-¢¢ vertex;
it can be derived as previously explained, by performing the splitting ¢ = ¢+ ¢ in the corresponding

~9 _
worldline-¢ expression from the action, and selecting the ¢¢ by performing the relevant functional
derivatives. Then we find:

2
. . Mg —i(k—k1)xa(t1) ;
@, ‘/k< Py 2/d“6 L(l—v&)?’/z

o= k
k;ll : "V,\ X (4+vg(—8—2(—2+cd)cd+(—2+cd) va
! . 2
~ 11 . my ik 2+ (—2+cq)v
1§ _v _ [ qt e—ikrzs(t2)
® X( 2cd|k1|2> Z}; A / 2¢

2 1—v

”:;
w



212 Appendix A — Derivation of the Feynman rules

At leading order we can evaluate it as follows:

2
. Mg Mp —ikOt, ik~xa(t1)/ddk? —ik{(t2—t1)
—’chd Z e /dtldtge e (277)6 1
a,b=1
=0(t1—t2)
ddk1 eikl-(xb(tg)—xa(tl)) 9
[ 100

2 .
. Mg M ikt ikexa () / Ak etk (o(t)=xa(®)) )
N Z2cd agl A3 /dte € (2m)d e (1 + O(U ))

1 m —ik0t ik-x1(t) /ddk1 1 /ddk1 etki-(x2—x1) )

% = 1p(d )]
d
.1 mimg —ik%% ikx T2 (d 2—d 2
:ZTCd A3 /dt@ te 1) <4F (2_1 |X1_X2‘ (1+O(U ))+(1<_>2)

d
T2 d mi1mo —ik0 ik-x ikx 2—d 2
:Z80dF<2_1> A3 /dte e g ) g -2 (14 0(07))

(A.84)
Here the first integral in the third line vanishes because it’s scaleless. Finally we can perform the
multipole expansion by Taylor expanding both Fourier exponentials as explained in section 3.2.4;
nonetheless we only need the leading order result which is equal to 1, hence:

d mipm i _
r (—1> 11\3 2/dte Kot (1+1)[x; — xo? d(1+(9(v2)) : (A.85)

Feynman rule for the worldline-¢ vertex

We can now obtain the expression corresponding to the diagram (A.80) for the worldline-¢ Feynman
rule, at order C’)(L% vg>:

@
—:—V\k _ '_:_Vl\k n ¢i :‘T\k +(’)<L%v%). (A.86)
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By summing the (A.82) and (A.85) results we obtain, enforcing the condition of xcyr = 0 due to
our frame choice:

H
*‘\ — dt —ikOt k; k)lk‘ (Cd—l) 2 9 ) 3
¢ ¢ Tk = —z— e m+im a;CM—f +2zlmava+ (v°)
b} a=

d
T2 d mimeo kO 2—d 2
+<z40dF<2—1> A3 /dte lx1 — xo| (1—1—(’)(1} ))
2
:zA/dte kt(—m+2kk3Mij— 5 ;mavg

d
T2 d mima, o9_g4 1
+4Cdr<2 1> ok vo(GiLe) .

(A.87)

Let us point out that (’)(G 2 L v) scaling in the above (A.87) expression is different with respect to
the (’)(L% v%> we reported in the corresponding diagrammatic expression (A.86): this is because
the (’)(G% Lv) scaling in the former is the real scaling of next order term in the expression,
evaluated using the scaling rules of table 3.1; whereas the (’)(L% v%> scaling in expression (A.86)

includes the G=3L~2v3 factor which we add for each radiation legs, as explained in section 3.2.4,
see formula (3.70).

As explained in section 3.2.4, we can now employ the equation of motion in order to recast the last
line of expression (A.87) into the usual multipole expansion. For the precision which we're aiming
for it suffices to employ the leading order (so Newtonian) equation of motions, which we evaluated
in equation (3.99); furthermore we can drrectly Work ind=3 drrnensron These equatrons of motion
explicitly read Gma = |r‘3 = —a} + (’)(G SL2ve ) and Gm1| ‘3 = ab + (’)(G SL7 e ) hence it
holds:

5 d o
2 ij
mivi = mid;jviv] = S5 m| o (5’51“1 + v1x1> — zhal — ajz!

2 ; ; (A.88)
o 6@’]’ d i e rl G 7 j
= —m @ <x1m1) + 73 mQW + mQW Ty
and therefore, adding the (1 <> 2) term:
- 2 i i j j rir?
Z MaVy = 0;j <m1v1v1 + m2v202> = 2 dt2 Z max + 2Gm1m2W
a=1 (A89)
1 d2 ii Gm1m2
= 0 g (M) +——
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This result let us cast expression (A.87), expanded at leading order around d = 3, into:

2
1 , 1. .
= i /dt ekt (—m + §kzlkrjM¢j - %Zmavg + 2Gm1m2> + O<G% Lv) +0d-3)
a=1

r
2
1 , 1 .. 1 G
= i /dt et (—m + §k1k]Mi]~ - (2 Zmavg - mrlm2>
a=1

1. d? iy Gmims Gmims 1
N ij _
<25”dt2 (M) + " > +— > +O<G2 Lv) +0O(d - 3)

1 ‘ 1 . . 1
=iy /dt ik (—m + KR My — En + §(k0)2 M> + O(G% Lv) +0(d-3)

(A.90)
where we integrated by parts the last term, recalling from definitions (3.67) both the Newtonian

energy En of the system, which is a conserved quantity at this order, and the trace of the mass
quadrupole moment M.

To summarize, the expression for the worldline-¢ Feynman rule, corresponding to the diagram
(A.80), reads:

/’\/D

ASN

N

Tk :z‘i/dt ik (—m—i—;kiijij—EN—i-;(kO)QM) +O(G%Lv) +0(d—3) .

]

(A.91)

B Worldline-¢’ vertex

To evaluate diagrams (R2) in chapter 5, see figure 5.1, we’ll need the Vvorldline—gzﬁ2 vertex, given by:
ul
k1 ", ~\ R k2 k1 \: '.’ ko 0
\ —": = C (_ +(’)(v2> . (A.92)
/

In fact we’ll need to evaluate only its leading order expression, which amounts to evaluating the
diagram (A.93).
Worldline-¢’ vertex — First diagram

To evaluate such diagram we need the Worldlilrl(—:-—qzb2 Feynman rule in the near zone theory: it has
the same expression as the one with two potential fields instead of two radiation fields, and is given
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by (A.49d). Then we find:

kl/’\J_ L, \ 7z(k1+k2):va(t) 1
__\(Eb (_;- Z—ZZ /dte 74(1_03)3/2~

| 4
) )

- () : (4 + 02 (=8 —=2(—2+ca)cqg+ (-2 +cq) 2@2))]
- _ZZ /dt =D (1 4 ik + ko) - xa(t) + O(0)) (1+ O(?))

= —z% /dt ek HR) (m +i(ki + ko) - (mxcar)) + O(G L2?)

= —z% dt e {RI+R)E py 4 O(GLUO) ;

(A.93)
where in the last line we used again the fact that, according to our choice of frame of reference, it
holds xcopr = 0.

Feynman rule for the Worldline-gfﬁ2 vertex

Summarizing, the expression for the vvorldline—@2 vertex in the far zone is given by:

kia v Sonk
1 = 2
/:' '_\ il [ e R m 1 O(G L°) . (A.94)
-7 31 A2
A N
- /

\ -

B Worldline-A vertex

To evaluate diagram (R3) in chapter 5, see figure 5.1, we’ll need the Feynman rule for the worldline-
A vertex in the far zone; it can be obtained by evaluating:

(A.95)

According to the discussion about the radiation scaling rules which we carried out in section 3.2.4,
the first diagram contributes at leading order at O (L% v%>, while all the others at order O (L% v%>

Nonetheless, similarly to what we found previously, once we put ourselves in the reference frame of
the center of mass, we’ll find that the first diagram gives a non vanishing contribution only since

order O(L% vg>, hence it will be the only diagram we’ll have to consider.
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Worldline-A vertex — First diagram

This is the only diagram we’ll have to evaluate; evaluating the expression for the Feynman rule
in the near zone EFT we find that it is analogous to expression (A.49b) for the potential modes.
Therefore:

2
A - ma/dt Sikea) (L
T Il; A e m 'Ua
; 2
’ = —izﬂza/dt e~k <1+i(k-xa) — ;(k-xa)2+(’)(03)> (Ué—i—@(v?’))
a=1
1 A 2 A 2 o
—iA/dt e~k (ZmaU;—i—z'k‘jZmaxflvz—i—O(v?’)) )
a=1 a=1

(A.96)

To proceed further we recall the identity involving the three dimensional Levi-Civita tensor €7*¢;;,,, =
89,6%,, — 67,,6%,, and that €kij = €ijk, and proceeding similarly to [206], we obtain:

2 2
dmkr, = Z mge™" €ijkT iyl = Z Mg (5l 5l ")z il = Z mg 2t o™ Z my 2™ vt (A.97)
a=1 a=1
and therefore

/dt e 0ty /dt T (e_lkot:vfl xfz) —l—ikoe_motxfl Ty — e_lkotvé x, (A.98)

~0
since the total derivative produces a surface term. Then, thanks to the time integral present in
equation (A.96), we can recast the last term of that last line as:

2 ‘
1 .. 7 ..
0 _ k 0 .
E_ mg T = g M ) vl + = g mq (ik xl 2t — vl )_ —56” Lk+§k MY (A.99)

and therefore, recalling the quantities defined in equations (3.67), the diagram (A.96) is equivalent
to:

2
1 —ikor (0 gk Lo rij 1
— i [dte —5 ML = SKOMYk; ) + 0(GE Lv)

where we explicitly made use of the fact that with our choice of coordinate frame pé a = 0 since
xcon = 0.

1 ) ‘ Y 1 .
=3 / dt e <pZCM — ek, — QkOM“kj> + O(G% Lv)
(A.100)

Feynman rule for the worldline-A vertex

To summarize the expression for the worldline-A vertex in the far zone is given by:

A/dt —ik%t ( €7k, Ly, + kOM”k ) +O(G%LU>. (A.101)
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B Worldline-G vertex

In order to evaluate diagrams (R4) in section 5.1, see figure 5.1, and also the gravitational field far
away from the source in section 5.2, we’ll need the worldline-& vertex evaluated in the far zone,
which is given by:

% @, @

/-

Ql
I
Qi
_|_
_|_
o
/N
E"b—‘
C\
N—

(A.102)
y i o o
1

In this case we find that both diagrams contribute at leading order at (’)( 2 g), and therefore
will be the only ones we’ll have to consider.

Worldline-o vertex — First diagram

We want to evaluate the first near zone diagram comprising expression (A.102). Then we need
the worldine-& vertex in the near zone EFT, nonetheless its expression is identical to the potential
vertex (A.49c). Therefore:

©
< 2
& Mk _ ;N / qt e—ikra) [ L i
T z; A e Vi viv!
iJ 2 (A.103)
:—zz Aa/dte_zkt (14+0(v ))< ivavé-i-(/)( ))

1 . o
:ZQA/dt e ikt azz:l mavafL—F(’)(G%Lv) .

Worldline-o vertex — Second diagram

To evaluate the second diagram instead we need the ¢ bulk vertex in the near zone; luckily we
have already evaluated its expression before, and the result is given in equation (A.79). Let us
recall that, as pointed out in section 3.2.4, this bulk vertex encodes the non-linear interactions due
to the non-Abelian structure of general relativity.

2
2 N Mg ; 2+ (=2 +cq) v2
e _ZE ta dt elklxa(tl) a
@ ~ 212! kl,k2< g A / ! 2v/1 — 02

o]
k:1¢ : k X —1'22: my /dt2 ko (t2) 2+ (—2+cq) vP
" ¢ I’\ — A ) 1 —Ub
2 | 7 . ’L o g
@ ol by X <z (2m) 5@ (4 gy — kz)Kd ( 69 (k1 - ko) + ( 'k +k{k2))>

N i1
2¢, ’k1’2 QCd ‘k2‘2 '

(A.104)
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Since we only need the leading order of this diagram, we can simplify the above expression to:

. 2
1 1 : dkY 0
—_ a dt dt Zka:b(tg)/ 1 77,kl(t27t1)
8CdA3abE:1m mb/ 1/ 2€ 7271_8

:é(tl—tg)
d9k, g o o N etki(xp(t2)—xa(t1))
——— (=69 (kg -k + ki |?) + 2Kk + KPR + KK 1 2
x/(%)d( (e de - laf?) + 26K+ R+ K8 g e (14 0(02)
i1 C .y
= 87%@ Z mgq My dte
a,b=1
A9k, g o etk (x(t)—xa(1))
— (=69 (kg -k + |k ?) + 26K + KR 4+ KR ) —————— (1
<[ (=801 Te ) 2K + £+ ) T (1400)
. d
i m _aor (A% ii 2 i7.d i1.j ig.J 1
= [ —6(k; -k + |k Uik + Kk + KR ———————
8ch3/ ¢ /(277)d (ml( (ct e ko) + 2050 + K47+ 8] PREES e
y o o . e—ipr(t)
(A.105)

When then recall the expansion (3.66) of the potential propagator which receives correction from

the external radiation momentum k, i.e. m, and so at leading order:

; . dk g o o o
i m /dte_’kot / ! <m1 (=69 01 X+ k) + 2K + KR + K]

1
T 8cg A3 (2m)d [k [*

. o o N e tkar(t)

i 1 0 g dip ePr®) dip er()
- = dt —ikYt _67,] k/ l /
Scdmmlm/ ‘ ( (’ @ma” et ") @mi IpP

ddp . eipr(t) ) ddp e—ipr(t) ] ddp e—ipr(t)
¢ J 7 7
(A.106)

where we dropped scaleless integrals and we recognized the integrals given in formulae (C.31),

(C.32) and (C.33). Nonetheless, since % x v, the leading order contribution is given only by:

' - [ dip e ddp . . e=ipT()
— LmlmQ —ikOt | cij d p e / P e
8cqg A3 /dte g /(27r)d Ip|? +2 (2r)d? 4 BE (1+0(v)) + (1 < 2)

:Ip(d,l)[fr] :IF(daz)ij[ir]

t mimg ([ _o _d d k9% | 19—d rird
= — 2 ri--1 2 — 1 12
s (2t (5 o1)) fare et (@- 0T ) 0w sa o)

d .
72 T (%) myma 10y 77
= —i dte™™" — (1 12
i 6, NE / e |r|d( +OW)) +( )

d ..
n 2T (%) mims k0 Tr? 1
=—1 T 2 L ) :
i Sen e /dte e[ —I—(’)(G2 v)

(A.107)
which is the final result corresponding to diagram (A.104).
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Feynman rule for the worldline-A vertex

To summarize, the expression for the worldline-g vertex in the far zone, represented in (A.102), is
given by the sum of results (A.103) and (A.107).

LI QP 2 i g TED (§) mimy qf -kt rird olah
5 =7i— te” Mg VU, — 1 te " — ( 5Lv).
o 2A/ ; a Yq%a 8¢y A3 / |I“d +
.. y

(A.108)
To further simplify the above expression, and to recognize the relevant multipole moments of the
source, we can proceed as explained in section 3.2.4 and as done previously: we first expand around
d = 3, obtaining

2 . .
o1 . o ripd 1
=igy /dt e~ k0t (Z M VeV, — Gmymea 3 ) + O(Gz Lv) +0(d-3) . (A.109)
a=1
We then use the leading order (Newtonian) equations of motion (3.99), so Gmg% = —a} +

O(G_% L3 v%) and Gmlﬁ = a} + O(G_% L3 v%>, to manipulate the second term in the

above expression:

rird ; 7 ; 7
Gmims T = |m x]l Gm2—3 — Mo ﬂ:% Gm1—3
r r r
1 1

= - (ml ac{ al +mo ) aé) + O(G_5 Lz

%) (A.110)

2
= —Zmaiimg—l—(’)(G_% Lz U%) .
a=1

Upon symmetrization of this identity with respect to ¢ and j, and recalling the quantities defined
in equations (3.67), we can recast (A.109) as:

2
o L —ikO¢ i i Qg 1
=iy dt e Zl mq (2&5&) + @Lal + i) +O (Gz Lv) +0O(d—3)
- dt
1 0 & )
— i —ik%t/: 1.0 i i 1 B
A dt e (ik ); Mg (:Caxa+fca:ca)+(9<G2 Lv)+(9(d 3)
d(zgrs) (A.111)
2

_ L —ikO% + 7.0\2 i g 1
=iy dt e (i k°) ;maﬂ:axa+(9(G2Lv>+(9(d 3)

ot

=M (t)

. 1 77:]6015 (12]\41/‘7 1

where we integrated by parts and neglected boundary terms, while considering the mass m, of each
compact object as time-independent, which is the case for the precision we’re aiming for.
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The final expression for the worldline-& vertex in the far zone is then given by:

o

ey V\k
1 oy A2MY

o . Tigy ) dte ETe

(1) + O(G% Lv) +O@d-3). (A.112)

]



COMMON MATHEMATICAL
FUNCTIONS

B.1 | Gamma function I'(z)
The gamma function can be defined, for a real and positive z argument, as:
+00
I(z) = / dtt*te™t (B.1)
0
which, defining x = v/¢, can be recast as:

+o0 5
I'(z) = 2/0 dz2?* e | (B.2)

The gamma function can be seen as a generalization of the factorial to real (and also complex)
numbers, in fact integrating by parts it holds:

T(z) = [-t7e!] ;—Oo +(z—-1) /O+OO dtt* et = (z - 1)I(z = 1), (B.3)

therefore for integer n values it holds:

T(n) = (n—1)!. (B.4)

The value of the gamma function for integer z arguments can be obtained by employing repeatedly
property (B.3) starting from I'(1), which can be evaluated recalling definition (B.1):

+o00
(1) :/0 dte ! = [—e_tm_oo =1; (B.5)

while the value of I'(z) for half-integer z arguments can be evaluated analogously starting from the
value of T'(3), which can be computed using the alternative definition (B.2):

1 +oo 9 +oo 5
r <2> = 2/ dre™ = / dre™ =/r, (B.6)
0

—00

where we employed the known result for the Gaussian integral.

roy=1 | re=1 | r@=2 | ra=s
1y _ 3\ _ V7 5\ _ 3 7\ _ 157
T =va[r@) =7 [r) =2 [r@)=""
TABLE B.1 Values of the gamma function I'(z) for some common arguments z.
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B Properties of the gamma function

Some useful identities involving the gamma functions, with x € R and z € C, are:

™

T(=2) =  zsin(rz) T(2) ; (B.7a)
P(22) = 22 1= (2)T <z + ;) : (B.7h)
I'(z) = V2ra® i e + 0 <;> = 2% erloe@=1) 1 o (i) (x = +00) ; (B.7c¢)

where relation (B.7b) is the Legendre duplication formula, whereas the asymptotic expansion (B.7¢)
for x — 400 is the Stirling’s approximation of the gamma function.

B Series expansion of the gamma function

The expansion of the gamma function around z =0+ € and z = % + ¢, for e — 0, is given by:

I'(e) = % -7+ % (67 +7%) e+ O (e?) ; (B.8a)
1 2
r (2 + 6) = m—/m(y+log(4)) e+ O (€%) ; (B.8b)

where

v = 0.5772156649... (B.9)

is the Fuler-Mascheroni constant; let us notice that the expansion of the gamma function around
others integer or half integer arguments can be obtained by applying repeatedly the property (B.3).

B.2 | Beta function B(a,b)

The beta function is defined as
I'(a)T'(b)
B(a,b) = ———= . B.10
(a‘7 ) F(a b) ( )

It can also be expressed in an integral representation, by recalling the definition (B.1) of the gamma
function and manipulating the integrals; in particular it can be proved that:

1
B(a,b) :/ duu® (1 —u)’ !, (B.11)
0
and by letting v = %, with du = (1 + v)2dwv, it also holds
+o00 o1
B = —_— . B.12
@b = [ (5.12)



EVALUATION OF RECURRING
SCALAR INTEGRALS

In this appendix we explictly evaluate the integrals which have been needed to perform the compu-
tation reported in this thesis. In particular we recall the multi-loop quantum field theory techniques
which we presented in section 2.2, and for example we will employ dimensional regularization, eval-
uating the integrals in d generic spatial dimensions.

In particular in section C.1 and C.2 we evaluate 1-loop and 2-loop integral which appear when
evaluating conservative diagrams; evaluating as well the needed Fourier integrals in section C.3.
In section C.4 we compute the integral needed to evaluate radiation diagrams. Finally in section
C.5 we show an explicit application of the multi-loop quantum field theory techniques which we
presented in section 2.2.

C.1 | Evaluation of the scalar integral /s(d, a,b)

We’re interested in the computation of the following integral:

dk 1
(2m)7 k|2 (k|2 + A)°

Is(d,a,b)[A] = / (C.1)

where we're employing the euclidean metric for the d-dimensional spatial components, |k|?> =
0ijk' K.

To evaluate such an integral we can proceed as in references [205, 225|, first by performing a
change of variables, from the cartesian k system to the hyperspherical d-dimensional coordinates,
in practice parameterizing the d components {k!,.. .,kd} as a function of the radius K = |k,

K € [0,40), of d — 2 angles ¢1, ..., p4_o with domain [0, 7] radians, and of a last angle ¢4 with
domain [0, 27) radians; the integration measure hence becomes:

d%k = K 1dKdQg (C.2)

Performing the aforementioned operations on the Ig scalar integral defined in (C.1), and recalling
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equation (2.20) to evaluate the hypersurface area Q4_; = [ dQ,_1, we obtain:

1 oo K1 A K
IS(dv a, b)[A] = W/dgdl/ dx K2a (K2 A b~ g d / de
0 (K2+A)"  (m)2I (%) Jo (K*+4)

=Qq4-1

(C.3)

where in the second line we performed the rescaling of the K coordinate u = KKQ, with measure

dK = % Au=z du, and in the third line we recognized the integral representation (B.12) of the
beta function, which is briefly presented in appendix B.2.

Therefore the final result reads:

dk 1
s(d,a,b)| 5/ d
) (k|22 (k|2 + A)°

Al (o or(ets-g)
(4m)? ()T ()

C2 | Evaluation of 1-loop and 2-loop scalar integrals /g,

C.21 Evaluation of the 1-loop master integral /s;.(d, a,b)

Some conservative diagrams will yield scalar integrals of the following kind, with p an external
momentum:

d?k 1
Is11(d,a,b)[p] = / (27)d [k[2 [k — p|2 =

which may be associated to the massless 2-point bubble diagram with external momentum p.

To solve them we can employ the Feynman parameters presented in section 2.2.5, in particular
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imposing A = |k — p|? and B = |k|? in formula (2.37):

F(CL b 1 a1 . b1 ddk/ 1
F(a) (b)/@ dex (1 ) /(27r)d (|k/’2+A(p))a+b

=Is(d,0,a+b)

Dlatb) 1), [d% a0 o
Is1z(d; a,b)[p] F(a)F(b/o / ‘(% 90P|2 (1 - z)|p[2)**"
+
T

['(a)T'(b) (4m)2T (4)
_ Tlat+b=9) asao [’ o i1 _ ydant
 (4m)% T(a) T(b) I /0 4 (1-2)

~5(4-b.4-a)
_ T(at+d-9) | |d_2a_2b<F(§—b)F(§—a)>

(47)% T(a) T(b) (d—b—a) ’

where in the second line we denoted A(p) = x(1 — z)|p|? and we performed the shift k' = k — xp,
which leaves the integration measure invariant, d?k’ = d%k; in the third line we employed the
previous result (C.4) we obtained for the scalar integral Ig(d,a,b); while in the fourth line we
recognized the integral representation (B.11) of the beta function (B.10).

Therefore finally we obtain the result:

d?k 1
IS,IL(da a, b)[p] = / (27T)d |k|2a |k — p’%
— 1 F(a+b_ %) F(% —(1) F(% _b) |p|d72a72b
@i Tl-a—b) T '

(C.7)

C22 Evaluation of the 2-loop master integral /s,

This 2-loop master integral is needed to evaluate diagrams first appearing at 2PN:

ki+ ke —0p
k_\

P k1 P

I (dabc)[]:/ddklddk2 11 ! - = > \—>
R e e e T A
—
ko

(C.8)
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and we can see that we regard this expression as coming from a the 2-point massless sunrise diagram.
We can then solve it by recognizing that this expression is equivalent to nested 1-loop integrals:

dik; 1 d?ky 1 1
I a 9 7b7 =
s2ra(d, a,b, c)[p] /(27r)d Ik |2 /(gw)d |ko|20 ko — (p — kq)|%¢
:Is,lL(d7b7C)[p7k1]
P(bte—§)T(5-c)T(5-0) /ddkl ! !
b—c) T(0)T(c) J (2m)? [k [ky — p[tee

(C.9)

:IsylL(d,t;}H-C—%)[P]
I T(atbte—d) T(5-a)T(5-H) T (5-0)

_ ‘p|2(d—a—b—c) ]
(Am)d T (3d—a—b—c) I'(a) T'(b) I'(c)

The expression for this master integral therefore is given by:
d%; d%, 1 1 1
I d,a,b =
S,2La( , 4, 70)[P] / (27T)d (27T)d ‘kl‘m ‘kng ’kl + ko — p|2c
d d d
1 T(a+b+c—d) F(§ —a) F(§ —b) F(i _C) |p|2(d—a—b—c) ‘
(Am)d T (3d—a—b—c) I'(a)I'(b) I'(c)

(C.10)

C.23 Evaluation of the 2-loop master integral /g,

Also this 2-loop master integral is needed for the evaluation of diagrams first appearing at 2PN:

/ d%; d%, 1 1 1 1
(2m)d (2m)4 |k1]?® [ko|? |ky — p|% |ko — p|?

IS,QLb(d7 a, b7 ) 6) [p] =

ki —p k2 —p
A

L
p D
_ —> —
—r —r (C.11)
k1 ko
B / %, 1 1 / d%k, 1 1
(2m) k1|2 [k; — p|?¢ ) (2m)? |ka|? [ko — p|?©
~Is11(d,,)[p] =Is11(db,e)[p]

T(ete— YTt T(E-a)T(E-)T(E-0T (5«
B (4m)iT(d—c—a) T (d—e—1b) T'(a)T(b)T(c)T'(e)
This master integral is equivalent to the integral arising from the computation of a massless double-
bubble diagram, and is factorizable into the product of the 1-loop master integral Ig 1y,

) ’p|2(d—a—b—c—e) )

C.3 | Evaluation of the scalar Fourier integral Ir(d, a)

While evaluating diagrams throughout this thesis work, a class of Fourier transform scalar integral,
which we’ll denote Ir(d,a), often appears while evaluating the vacuum diagrams: assuming to be
working in d-dimensional Euclidean space, so restricting ourselves to spatial components only with
a metric given by +0;;, these integrals generically have the following structure:
Ak g 1
Ir(d, = ikex . C.12
rda = [ G (C.12)
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To evaluate them we can initially retrace what has been done as done in references [205, 225].
Let us notice that, once we have parameterized the momentum space with a cartesian coordinate
system, it is always possible to find a rotation which acts on the k variable such that it will make
the last k% axis parallel to the x vector, i.e. k-x = kd|x\. Furthermore, the integration measure
d?k and the |k| term are invariant under generic rotations, and because we're integrating over all
possible momentum components, the integration domain is mapped into itself. Therefore only the
dot product in the exponential will be affected by such a rotation, yielding exactly eikd|x|, and as
a consequence of this the result of the scalar integral will only depend on the modulus |x| of the x
vector.

The symmetry of the system then suggest a change of coordinate system: that is, we can parame-
terize the momenta space with a d-dimensional hypercylindrical coordinate system, aligned along

the k% variable. In practice we can reparameterize the d — 1 coordinates {k, ..., kd_l} employing
an hyperspherical coordinate system, with radius K = /(k1)2 +--- + (k% 1)2 > 0, d — 3 angles
&1, .., 043 with domain [0, ] radians, and another angle ¢4_» with domain [0, 27) radians; the

integration measure then will read
dok = d(k%) K2 dKdQ,_, (C.13)

and the scalar integral

1 A
Ir(d,a)[x] = @y / AQq_1d (k%) dK K92 eIk

1
—_— . C.14
(07 + K21 (e
Below we proceed with the evaluation of the scalar integral: first, in equation (C.14), we consider
as integration variables K2 instead of K, which can be formally interpreted as a change of variable
from K to K2, which nonetheless doesn’t change the integration domain, as it was K € [0, +00).

Then, in the second line of formula (C.15), we perform an additional change of variable from
2

(k% K?) € R x RT to (y,2) via k¢ = % and K? = -, with the domain restricted to K2 > 0.

x| 2[x[??
The Jacobian of the transformation is %, while the new integration domain is (y,z) € R x RT.
These manipulations explicitly yield:

+oo +oo 2 d—3 1 1nd
Ted.o)fe) = it [ auh [T S ey e o

_Qd—ll/ Lz dudz y? Teiyzia Y o
“emiz ) \2xpE) YT GxpP (1+2)* \[x|

1
o~ dp—" too  sa—j—g  pFoe .
2a—d d—2a—1 i
= 7d—1) x| dz — dyy e
0

(C.15)

=L(d—2a—1)

where in the third line we recalled formula (2.20) for the hypersurface area of a (d — 1)-sphere, and
in the penultimate equality we recognized the integral representation (B.12) of the beta function
(B.10).
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Now we have to evaluate the remaining integral, which we define as:

+00 .
L(«) E/ dyy® e . (C.16)

—00

To proceed let us first evaluate the following integral, which is reminiscent of the Schwinger trick
shown in section 2.2.5:

+ + 2 + )
/ OO dx mf(lJroz)eftzz2 _ / > d(ﬂ? ) (x2)7(2j;7a>67t2$2 _ / > ld(l‘ )(tQ)@(‘%Z)f@efiz
0 0 0

2 2 2
_ T g(ce)r )t ay
_2<2/0 dz 7 e —5F<—§>7
(C.17)

where we used the change of variables 72 = 222 which is defined for ¢ € R~ {0}, and where in the
last equality we recalled the alternative definition (B.2) of the gamma function. Doing so we can
recognize the relation:

[N]})

ya _ 2 . /+OO d§ 57(1+a)6*y252 , (018)
r'(-%)Jo

2
which we can substitute in formula (C.16) to obtain:
2 +o0 +o0 2¢2 ) 5
L(@) = =7 / dfé’(lJra)/ dy e Y &ty . (019)
T'(=%) Jo —oo
We can complete the squares in the exponential with respect to y, such that:

+oo +oo i \?
b= 2 [ageten [y el
I'(=%) Jo ~o0

+o0 +oo— %
= 72 - / d¢ 5—(2+a)e_4%2 / ‘25 dy e—?f
T'(=%) Jo —oo— 3

2

(C.20)

where we performed the change of variable §y = & (y — 22—2), with & > 0, under which the integration
measure becomes dédy = £~'dédy; nonetheless such change of variable shifted the 7 integration in

the complex plane, along a path which doesn’t lie anymore on the real y axis.
So let us now focus our attention on this second integral, which we denote as:

i
R T: o

= dge 7 = i dge ¥ 21
J(§) /OO;_ ye R—lfiloo/% ye ¥, (C.21)

where we defined the integration path 7; as shown in figure C.1, so 71(s) = Rs — z'Q—lg, with s €

[—1,41] and with R > 0 real constant; at the end the limit R — +oo yields the initial integral.

We can notice that the integrand e ¥ is an holomorphic function over the whole complex plane C,
i.e. it has no poles nor singularities. Therefore Cauchy’s integral theorem implies that the contour
integral of such a function over any simply closed contour 4 will be vanishing, that is:

j'{ dye ¥ =0 . (C.22)
ol

For such a closed path we can consider the counterclockwise contour 4 = 1 4+ v2 + 3 + 74 shown
in figure C.1; in particular we can parameterize them as v2(s) = R — 12%(1 —s) with s € [0,1],
v3(s) = —Rs with s € [-1,+1] and 4(s) = R — i%s with s € [0, 1].
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AIm(7)
~R 3 0 R Ri(@)
Y4 Y A2
gl N _i
Ficure C.1 Complex integration contour employed for the evaluation of the integral J(§).

We can recognize that the contour integration along the ~3 path is equivalent to the integration
along the real axis, from +R to —R, in fact:

—2 +1 2 R 2
dye™ = / (=R)ds e (7F9)" — due™ ; (C.23)
3 -1 +R
and once we take the limit R — -+oo it holds:
lim dge ¥ = — /+Oo due™ = —/7 (C.24)
R—>+o00 s Y - — s - ’ ’

where we employed the Gaussian integral result in the last equality.

Recalling the Darboux inequality ’f”/ dz f(z)’ < [, 1dz| [f(2)] < sup £ (2)] [ |dz| we can evaluate

the contribution of the v and 74 paths to the contour integral:

1
) 1 92 4 1¢2
/ de 7| < sup ‘6_(3_%1_3))2 / O a8l = sup e R2+(14€2) +i#a-s| 1 es® R
2 s€[0,1] 0 3 s€[0,1] 28 28
(C.25a)
1
_ i L4 _p2, % ir| 1 162
/ dg‘/e_y2 < sup ’6_(R_ﬁ8)2 / “as| = sup |e Fiigtes| . _ ¢ e_RQ; (C.25b)
" s€[0,1] 0 12¢ s€[0,1] 26 2

in particular we can notice that for any fixed £ > 0 both integrals vanish in the limit R — 4oc0.

Hence taking the R — 400 limit in formula (C.22) we obtain:

0= lim (/ dyeyQ—i-/ dyey2+/ dyey2+/ dy692> = J(&)+0+(—v/7)+0 (C.26)
R=rtoo \Jyy Y2 V3 V4

where we recalled the definition (C.21) and equation (C.24). Therefore we obtain the result we

where looking for, that is:

+oo—%
J(€) =/ dge ¥ = /x . (C.27)

i
[e.9] 3¢

We can now return to the main computation, so substituting formula (C.27) in equation (C.20) we
obtain:

L(a) = ( g) /+ dgf_(2+a)€_4§12J(§):F2(\_/i)/o dee (2+a),~ 452
2 2
L ’ 1 Hrap2tag— n? Ml( e 2(¢+1)-1 772) (C.28)
(- %)[m( 2n>dn2 T (-9) 2 2/0 dnn €




230 Appendix C — Evaluation of recurring scalar integrals

where in the second line we performed the change of variables n = 2%, and in the last equality we
recalled again the alternative definition (B.2) of the gamma function. Therefore we obtain:

L@Q:2QHV?F(3+%):—Qsm<ag)F&w+D (C.29)

r(=3)

Returning to the main computation of the scalar integral Ir(d, a)[x], we can resume from formula
(C.15), substituting the result (C.29) we just obtained:

%F(a—i—%d)

Ip(d,a)[x] = 27% x|~ L(d — 2a — 1)

I'(a)
_g-d 2T (a+159) <[20—d  9d—2a I(g—a)
_9 ra (2 = Y (a-%‘fg) (C.30)
_ 920 _—% F(%_a) x|2a—d F(g _a) M
? (a) i @ﬂ%rm)<2

Therefore the analytic result of the Ir(d, a)[x] scalar integral reads:

A%k ey 1
Ir(d,a)[x] = / om)? ezk.,(’k’m1

4T (5-a)
I'(a)

(C.31)

2—2a ’2a—d )

Tt |x

C.3.1 Tensorial generalization of the integral /(d, a)

We can generalize the result (C.31) to the class of integrals with also tensorial quantities in the
numerator, by taking derivatives with respect to the position x, as suggested by references [224,
225]: in particular such calculations formally hold only as long as 2a # d, nonetheless we can
recover also this case via analytic continuation of the result.

(xhe _ (padat)®

. 0
Recalling that o

2(|x[)* 26,5 (67;2% + 276%;) = a|x|*"2 2%, we obtain:

(C.32)
(4 .
—i(d—2a)27 %72 gia)a)\ |Pad=2 g
d
_7121—2aﬂ_—%r(§_a+1)| |2a d—2 i
I'(a) ’

and also

Ak, KR
Ir(d.o)’ ) = [ G i

d%k 1 0’ ik-x 9% (Ip(d,a)x])
:i/(2WVIkP“<_8x%mj>ek =TT omiow (C.33)

J .
d—a+1) y x'a!
_ 21—2(1 -4 (2—a 2a—d—2 ] 2 — d — 2 .
T2 Ta) x| 0+ (2a—d—2) =P
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Yet to systematically evaluate Fourier integrals with a tensorial structure, and to implement it into
a code, we found it more useful to perform a tensor decomposition of the integral, in order to reduce
ourselves to work with a class of scalar integrals, which we present hereafter in section C.3.2.
C.3.2 Generalization /5 ,,(d, a,b) of the integral /5 (d, a) with scalar products

Let us consider a generalization of the scalar integral (C.12), such that:

d x)b
Ipp(d, a,b)[x] = / (gﬂl;d pikx <1’<k|2a> ; (C.34)

in particular this class of integrals appears when we apply the tensor decomposition procedure in
order to solve a Fourier integral with a tensorial structure at the numerator.

Let us define j(a,b) = Ipsp(d, a,b)[x] for convenience: in order to solve the integral above we’ll
apply the integration-by-parts identities to it. In particular, with w® = ak’ + Sz, we obtain:

_ d’k 9 i i ik-x(k'x)b
o=/ <2w>daki<(“k AT )

dlk . (k-x)° do%k ., 0 gex(kox)P
— 1K-X k;Z 2 _ 1K-X
da [ Goe e + [ mate + 525 (<)

: A% ex (k- x)° |2 o 1 . (k- x)
=daj(a,b) +/(27r)de K <(b — 2a)a +i|x|“ 5 + bB|x]| k%) +ia(k - x) — 2a3 e
= ((d+b—2a)a+ix]*) j(a,b) + bBx[* j(a,b— 1) +iaj(a,b+1) —2aBj(a+1,b+1) ;
(C.35)
and imposing a = 1, 8 = 0 before and then a = 0, 8 = 1 we obtain the two independent conditions:

(d+b—2a)j(a,b) +ijla,b+1)=0; (C.36a)
i[x|%i(a,b) + b|x|* j(a,b—1) —2aj(a+1,b+1)=0. (C.36b)

From formula (C.36a) follows directly
jla,b+1)=1i (d+b—2a)j(a,b) (C.37)

and therefore, as long as b € Z, using formula (C.65) we obtain:

b—1 b
i(a,0) = [T (d+q—2a))j(a,0) = [] (i (¢ +d ~1~2a))j(a,0)
q=0 ¢=1 (C.38)
— iij(a,O) .

We may then impose b = 0 in relation (C.36b) and use equation (C.37) to reduce the integral
j(a,0) down to j(1,0), nonetheless such a formula would hold only for a € N. However, during the
evaluation of PN diagrams, some integrals will present a € R — N, so we’ll evaluate j(a,0) employ
directly the result (C.31), which is valid for a € R. Doing so we obtain the full, exact result:

dk i (k-x)°
IF,sp(daa7b)[X] E/(Qﬂ_)d ek (|k‘2a)

(C.39)

d
_ ib 2—2(1 ﬂ_—g r (b+ d— 2(1) I (5 — a) |X‘2a—d )
I'(d - 2a) I'(a)
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B Discordant alternative evaluation of the integral

In order to evaluate the integral (C.34), we could have proceeded analogously to what we’ve done
in section C.3, as the only difference is that we would have picked up a (|x|k¢)® factor in formula
(C.14), which then would have resulted in an additional 3° factor at the numerator of result (C.15),
therefore yielding

T + 1-d —+00 )
Trapldsa,)fx] = 2-n= 4 L 3 / dyy? 2ot et
T (a) oo

=L(d—2a+b—1) (C.40)

1—d (d+b)
= 2b*2a7r*411 (a+ 2 ) t ( 2 a> | |2a7d
I(a) T (a - L*g—l))

2

where we used the result (C.29). Nonetheless we can notice that the result above does not agree with
result (C.39), and we have checked that only the latter equation yields the correct PN diagram
evaluation, while formula (C.40) gives inconsistent results already for the tensor decomposition
(C.32) with a single free index. Actually we have checked that, for the tensor decomposition with
up to 4 free indices, formula (C.40) gives the correct result when the number of free spatial indices
is even, like in (C.33), and instead is wrong by a factor m when the number of indices is

odd; however we couldn’t trace back the reason for this inconsistency.

C4 | Evaluation of the /(d, a, b) scalar integral

We want to evaluate the scalar integral defined as

0 d 0\b
Inld, a,b)[f1(t) = /dsf(t+s)/‘;ie /(;l){d k2_1|_ie le;I?) : (C.41)

where the function f is a generic function of time that could eventually carry spatial indices.

First of all let us recall our notations, see (N12) and (N13), according to which the temporal Fourier
transform ¢(k) of a g(¢) function, and its inverse Fourier transform, are given respectively by:

0 kOt dk° 0y ,—ik0t
g = [arg() e gt =[S gt e (C.42)
where we could denote k° also as w. Hence, by performing the change of variable u = t + s, which
amounts to a shift of s with ¢ fixed, since it’s an external parameter, we can recognize the Fourier
transform f (k) of the function f(t) in equation (C.41), i.e

dkY _ 0 0 d9k
Tn(d oD = [Goe™ @) fau ™ [ ca)
f(k0)

Afterwards we have to take care of the -+ie prescription due to the propagator (k? + ie)~! =
((K9)2 — |k|? +ie)~!; in order to do so we can employ the Plemelj-Sokhotski functional identity [206,
312, 313]:

: 0 ( _ 0 0 0 0 2y .
lim [k g Wile P/dk: oy |k|2:Fz7r/dk g(KO5((K)2 = k[2);  (C.44)
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where the Cauchy principal value of an integral with a pole of order one in « = a is defined as

+o00 a—0 +o00
P/ dz 9(x) = lim </ dxM +/ dz g(x)) (C.45)
x—a =0\ J_o r—a  Jois r—a

—0o0

for a function g(x) smooth and non-singular near x = @ which vanishes sufficiently fast on the
boundaries.

Using this identities we can rewrite equation (C.41) as

o d
Ir(d,a,b)[f](t) = P/(;I;e"k t(ko)bf(ko)/(gwl){d (kO)zl_ e ,k:’l2a
=Ig,1
. , . (C.46)
im0 [ 00— ).
E?1;,2

Let us start by evaluating the first integral I ; in (C.46), by recalling the result (C.4) for the scalar
integral Ig(d, a,b)[A] :

dk .o d9%k 1 1
I —p = —ik"t ,ICO b kO _/
ra =P [ e ™ WO N = | Grya ke — (o0 [k

=Is(d,a,1)[—(k%)?]
_ 42 T (%l - a) I (‘“L 1— 2) P/dk —ikO¢ (k0>b+d—2a—2 f(ko)

 (4m)s T (%) 2 (C.47)
_ jb+2d—da (% ) r (a +1- %) qb+d—2a-2 P/dko Jy f0)
(47r)g I (4) dbtd—2a—2 o
B jb+2d—dag—d 1-§  qb+d—2a-2 F(t) =£(t)
= sin ((2a —d)T) [ (&) dtb+d=2a=2

To proceed with the evaluation of the second integral Ir s in equation (C.46), we first recall the
identity d(g(x)) = >, ( %(mk)])_lé(x—xk), where xj, are the zeroes of the function g, i.e. g(zx) =0,
from which follows:

B2 = ) = 6 (K = i) (K + ) = 7 (S + ) + 600~ ) . (C.48)

Afterwards, to regularize the integral, we employ the fact that for what concerns our calculations
(see chapter 5), the integral (C.41) is always 1ntegrated over [dtg(t) (Ir(d,a,b)[f](t)), with both
f(t) and g(t) real functions, hence f(—|k|) = f*(|k|). Therefore we obtain:

o d
tra = 3 [ 00 10) [ (04160 +60° = 1)

d
= 1= [ Gy (7 I =)+ i (k) ) .

:417r/(d1)< ke [p—2a-1 (efilkltf(|k|)+(—1)beilk‘tf*(!k|)>
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Inserting the results (C.47) and (C.49) into (C.46), we obtain the final result:
dk% o, [ do% 1 (KO)°
I _ v ikPs
rdab)f)e) = fassies) [Goet® [ St
o—d 1-§  ;b+2d—da  jb+d—2a—2 £(t)

I'(%) sin((2a—d)5) debtd-2a-2

i [ d ' '
B 4/((2317T1)(d|k|b2a1 (671\k|t f(‘k‘) + (_1)bel|k|t f*(|k‘)) .

(C.50)

C.5 | Example of scalar integral evaluation using multi-loop tech-

niques

In this section we show explicitly the application of same of the multi-loop quantum field theory
techniques which we have presented in section 2.2.

In particular as an example we’ll show how these techniques could have been employed to evaluate
an integral of the kind
y d%k k' kI
v = C.51
)= [ Gy e oy

which we encountered in section 4.3, see equation (4.37). In that section we already applied the
first step in the evaluation procedure, which is the tensor decomposition of the integrand, to find
in equation (4.38)

I(p) = Fi(p) 6" + Fa(p) p'p/ (C.52)

with form factors given in equations (4.39):

1 4k (|kP’lp|® — (k- p)?)

B0 = e G e (€55
11 %k (d(k-p)* - [K’IpP)

B0 = Gy | @t TR pP (G.53b)

Therefore in the following we will be concerned with the evaluation of the class of scalar integrals

of the kind 4
d“k 1
| ey oo o

where we introduced the same basis given by the denominators (4.40a) and (4.40b):
Dy = |k, (C.55a)
Dy =|k—p|*; (C.55b)

In fact evaluating by this class of integrals we will be able to evaluate the aforementioned form
factors, since they can be opportunely recast in this basis, see equations (4.42).

C.5.1 Reduction to master integrals using integration-by-parts identities

In fact in practice one does not evaluate each integral in equations (4.42) as we did there, but
instead employs relations between such integrals, called integration-by-parts identities, which allows
to simplify the problem to the evaluation of fewer integrals, known as master integrals; we already
covered this topic in section 2.2.4.
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In the following then we will denote this specific class of integrals (C.54) which we’re interested in
as

, k1
e = | o g o

For the case of this example, we can consider then generic vector given by w® = ak’ 4+ bp’, then
formula (2.32) reads:

, dk 1 Ak i 0 !
daj(ay,as) _da/(27r)leo‘1D2o‘2 ——/(270(1 (ak +bp)8ki (1)1011)32)

_ +2/ (ddk (al (alk” +b(k - p)) @z (kP —k-p) +b(k-p - |p|2))>

27T)d D?1+1Dgl2 D?l Dgzerl
_ . [ % (ar(aDit} (D1~ D+ [pP)) (C.57)
- (27{-)d D?1+1Dg¢2

a9 (aD1 + @ (D1 — Dy + |p|2) — b’P|2>

+ D?l Dgterl

which using the notation (C.56) also reads:
(o1 (2a +b) + as(a — b) — da) j(a1, az) + a1b|p|* j(a1 + 1, o)

C.58
—ag(a—i—b)]p\ jla,as+1) —agbj(ar + 1,0 — 1) + as(a+b) j(ag — L,aa + 1) =0 . ( )

Now we may choose arbitrary values of a and b, to obtain up to two independent relations; in

particular, considering first a = 1, b = 0 and then a = —b = 1:
(201 + ag — d) j(o1, a2) — aslpl? j(ar, a0 + 1) + agj(ag — 1,ap +1) =0 (C.59a)
(1 4 209 — d) j(aq, a0) — aq|p|? j(er 4+ 1, a9) + o j(ag + 1,02 —1) =0 . (C.59Db)

In this case we could also look for the Euclidean version of the Lorentz invariance identities, which
follows from the fact that the scalar integrals are invariant under a generic rotation R € SO(d) of
each of the external momenta; so we could consider the action of an infinitesimal rotation, proceed-
ing analogously to what was done in section 2.2.4: we would then obtain that the antisymmetric
tensor wH” which parametrizes the infinitesimal Lorentz transformation would be substituted by
the antisymmetric matrix Q% = R — §% + O(0?) which describes the action of the infinitesimal
rotation, thereby in the end obtaining a relation similar to equation (2.35). Nonetheless in this
particular example, because we have only a smgle vector, we can only produce a symmetric matrix

p'p? to contract the antisymmetric Dia7 ap — Pires apJ operator: the contraction then is identically zero,
thereby giving no identity.

Instead we can find one more equality by employing the symmetry relations, which have been
outlined in section 2.2.4. In particular in formula (C.56) we may perform the change of variables
k — k/ = p — k, which has a trivial Jacobian, to obtain:

: dk 1 dK’ 1 ,
‘7(‘“’“2):/ (2m)7 [k[2o1 [k — pe :/ @m0 — pEer e ez e) . (C60)

These relations already tell us that the j(ai,as) function vanishes if any of its two arguments is
zero: in fact choosing as = 0 and oy = a in (C.59a) we (2a — d)j(a, 0) = 0, which recalling also
(C.60) yields

J(0,0) = §(0.0) =0 (a %) (C.61a)
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7(0,0)=0. (C.61b)

By manipulating the three identities (C.59a), (C.59b) and (C.60), we can find a recurrence relation
between j(aq,az) functions whose arguments are a single integer apart. To do so we start by
shifting a1 — a1 + 1 and as — a2 — 1 in equation (C.59a), and then substituting the result into
equation (C.59b) multiplied by (2a; + a2 + 1 — d), we obtain:

(a1 4+ az +1—d) (201 + 202 — d) j(a1, @) — a1 (201 +2 — d) |p|* jlar + 1,a2) =0 (C.62a)

. (a1+a2+1—d)(2a1+2a2—d) 1 . d
a1+ 1,a0) = o1, o o 0, ——1) (C.62b
j(ay 2) o 2oy +2—d) |p|23(1 2) (m#0a#5-1) ( )
=ca;
We may then choose a; = —1 and as = «, to obtain
d

jlon—1) = j(~1,a) = PPi0.a)=0 (a# S ardaz1+5): (C6)

(d—a)(d+2-2a)
where we recalled (C.60) and (C.61a).

We are now interested in integer values of oy, aa; we can then recall iteratively formula (C.62b)
assuming «; > 1 to obtain:

o1 2 (g +ap+1—d)) (TI22 " (2q + 202 — d)
jlon,a2) = H cq | J(1,a2) = ( - P P ) ( P ) J(1, a2)
1 (Mg a) (112" 2 +2 - a)) (1125 1pl?)
_T(a+a+1-d)T (e +a—§) 1 r(2-49) o2 (1, ap)
I'(az+2—d) I‘(a2—|—1—%) F(al)l“(al—i—l—f) R
(C.64)
In fact, assuming g € N, we have that:
n n b n+§ (TL—FQ)' F(TL—FQ—Fl)
(ag+0b)=a" <q—|—>:a" qg=a" @’ = g" 4 , (C.65)
1 H{owg) = 1L o= Tpm =t

where we recalled the gamma function relation (B.4): using this generalization of the factorial, also

called Pochhammer symbol (x), = F(mﬁ)" ) the aforementioned identity then holds also for Q ¢ N.

We can then use the relation (C.60) in (C.64) to obtain

F(Oég—i-?—d)

T (a2) T (3 —d) [ (11 5 (C.66)

J(1,a2) = j(ag, 1) =

and finally, from (C.64) and (C.66) follows

(o +or+1-d) Lo t+a—§)T(2-9)
d)

jlai, az) = [p| 72t (1, 1)

(C.67)
for a1, a0 > 1 and ay, as # 7—1
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C.5.2 Master integral evaluation using the differential equations method

To evaluate the master integral j(1,1), we may employ the method of differential equations, pre-
sented in section 2.2.5. In particular we may derive the master integral with respect to the only
external kinematic quantity, which is |p|?, obtaining:

0 ..o [dk 1 8 [/ 1
amPU“J”‘/f%wuﬂamPQk—mﬂ

ddk 1 8 ) ,
B _/ (2m)¢ k[2[k — p|* 9|p|? (Ix* - 2(k - p) + |p|*)

_/ d%k 1 (Dl—Dz+!p\2)_1
) (2m)¢ D1D3 2|p|?
1 1 1. (d—4)
- i(0.2) = ——i(1,1)— = j(1,2) = =~
2’p|23(0, ) 2|p|21( 1) —5i(1,2) )

(C.68)

Ip|24(1,1) .

where we used the fact that it holds ﬁ (k-p) = 2|p\ Blp\ (Ik||p| cos(bkp)) = 'k”p‘;‘;jgek 2) — 21“1')["2,
and we used the we used the relations previously obtained with integration-by-parts identities which

imply for 5(0,2) = 0.

We may then solve the differential equation (C.68) by using the method of the separation of
variables, i.e. denoting |p|2 =z and j(1,1) =y

(d—4)
dy _(d=4)y /yfdy (d—4) /xfda: Yy z,”
dr x w - 2 | = log () =10g | 2L —
7 i mi
(C.69)
which once exponentiated and chosen z; = |P|2, Yyr =17 (1,1)[p], with initial values x; = ‘Pi|2 and
yi = j(1,1)[ps], yields
] - . 171 Ps
Sl =@ pl¢™ ,  c(a) = 2LDP o)

[pi|(=

in particular let us notice that C(d) is the integration constant, which doesn’t depend on the
arbitrary value p; we may choose, and neither depends on a; nor as; hence it may depend only on
the dimension of the space d. Let us point out that actually we already know the exact results of
C(d), as it is proportional to the scalar integral (C.7) which we previously computed. However we
will proceed with the evaluation, in order to show alternative strategies to compute such quantity.

If we only need the result of our scalar integral at leading order in the dimension of the space(-time)
d, we may then evaluate C(d) for that specific value, e.g. d = 3, which possibly results in a simpler
evaluation: for the example at hand, using the Feynman parametrization result (2.38) in formula
(C.70), we obtain

B d3k 1 IpZI 31

3'“Vq 7 TRk — mf‘ ‘/ /d (K2 T a—mmmv
_ - __K* (2l — TVTVT 1o
-w%)@>A “Wm+m Ad(ﬂ )" (c11)

)
+oo _ 11
:%(arctan(K)—KziH)‘O *B(?E)

M\»—‘

27r21 1

0o |

where B(a,b) is the beta function (B.10).
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B Complementary approach based on asymptotic behavior

There is still another complementary approach one could employ to evaluate such C(d) constant,
possibly in arbitrary d dimensions, as long as one knows the asymptotic behavior of the scalar
integral for some of its parameters; this approach then is particularly useful when it’s not possible
to exactly evaluate the corresponding integral. This method, pointed out by reference [55], is based
on the fact that the constant C(d) is independent on the other parameters, e.g. |p;|, a1 or ao;
therefore, if we know the asymptotic behavior of the scalar integral for particular values of these
parameters, and we have a formula which relates such scalar integral to the C'(d) constant, then we
may be able to determine the value of the latter unknown quantity by relating the two expression
for the scalar integral: finally, by taking an appropriate limit, the expression involving only an
asymptotic behavior will yield an exact result for the value of C'(d).

Let us show the application of this approach to the evaluation of the j(1,1) scalar integral we were
considering, assuming for example to know the asymptotic behavior of the scalar integral j(aq, 1)
as o — +oo. Noticing that equation (C.70) relates C(d) with j(1,1) and that formula (C.67)
establishes a relation, exact in d and «aq, between j(1,1) and j(ay, a2); choosing a; = a—1 € N
and ay = 1 it holds

1 I'a+1-4d)
Na-1) T'(3-4d)

jla—1,1)= P2 C(d) . (C.72)

We may then study the asymptotic behavior of the scalar integral j(ai,1), starting from its
definition (C.56), and employing the Feynman parameters presented in section 2.2.5: imposing
A= |k —pl? and B = |k|? in formula (2.37) we obtain

d9k 1
i(a—1,1) =
jla=11) / (2m)d [KE—2k — p|?

B I'(a) ! 2 dk 1
- T(e-1)I(1) /0 ‘ / (2m)? (k — 2p|* + z(1 — z)[p|*)"

1 dy,/
(e d—2a 49 —a [ 4% 1 (C.73)
-l [Cdeat g oate [N
=B(4-1,4-a+1) =Y (d,o)
F(¢d—a+1)T(4-1 o
= (Oé - 1) (2 F(d _) Oé)(2 ) |p|d 2 Y(dv O()

1
where in the third line we performed the change of variables k' = (z(1—z)|p|*) 2 (k — zp)

d
with d%k = (z(1 — z)|p|?) 2 d?k’ and we recognized the integral representation (B.11) of the beta
function (B.10).

Let us now assume to not know the exact value of the Y (d, «) integral, but only its asymptotic
behavior as o — 400, which in fact is given by:

Y(d,a) = (47a)"% + O (;) : (C.74)

then, equating the relations (C.72) and (C.73) we obtain

i«
C(d) =I(a)g @ E Ej) T (O;lf —J) r (;i — 1> r(3—d)Y(da), (C.75)



Section C.5 — Example of scalar integral evaluation using multi-loop techniques 239

where the dependence on the external |p| momenta dropped out as expected, and so should also
the a-dependency on the right-hand side, for o € N. Applying twice the identity (B.7a) of the
gamma function, we can rewrite equation (C.75) as

_ _M d_ — 7F(a) @
C(d) = s ((a = %) ) r (2 1> '3—d) o %) Y(d,a) . (C.76)

Under our assumption of o € N, it holds sin(ar — z) = (—1)**!sin(z), therefore % =
2
sin(dm) d

sn(Zr) = 2cos (577). Then we may employ Stirling’s approximations (B.7c) to evaluate the asymp-

totic behavior of the gamma functions, as a — +oo, noticing also that it holds I'(aw + ¢) =
F(a) e(ClOg(O‘)) + O (é)

C(d) = —2cos <;l7r> r (;l - 1) (3 —d) ¢4 Y(d,a) + O <;> : (C.77)

and furthermore we may use the information (C.74) about the asymptotic behavior of the Y (d, «)
function, which results in:

C(d) = —2cos <;l7r> r (;l —~ 1> T (3—d) e2los() ((4ﬂ)—§€—glog<a)) L0 <1>

— _2(47)"% cos <;l7r> r <;l —~ 1) r3-—d+0 <;> a

Finally we may take the limit & — +00 to obtain the exact result of the C'(d) integration constant,
which now doesn’t depend on « anymore, as expected; in fact we obtain

Cd) = ——2 ;s (‘%) r (d - 1) T3 —d)=— 22_2d”32d : (C.79a)

(C.78)

(47) 2 2 sin (g7) T (%54)
C(d~3) = é + %(7 — log(167)) € + %4 (57% 4 6(y — log(16m))%) € + O (€°) ; (C.79b)

where in formula (C.79b) we expanded the exact result (C.79a) around d = 3 + € using the series
expansion (B.8) of the gamma function, with v the Euler-Mascheroni constant (B.9): we can notice
that this result is consistent with the independent calculation (C.71) of C(d = 3) we performed
before.

We can also compare result (C.79a) to the other exact value of C(d) we could have obtained by
directly computing it from formula (C.70), in fact recalling the exact result (C.7) and applying the
gamma function properties (B.7a) and (B.7b) we would have obtained

2 _ 3—d

CO(d) = Is1r(d, 1,1)[pi] p; % = :

-2 s (30) T (50)
which exactly agrees with formula (C.79a).

We can then compare also the full result (C.67) for j(ai, ) with the corresponding result Ig;z,
which we evaluated in equation (C.7): in this case we find them to agree only for integer values of
a1 and ao: this is however to be expected, since we evaluated the integration by parts identities
(which relate exponents separated by integer values) only starting from the master integral j(ay =
1, g = 1)

In practice this multi-loop techniques are extremely useful, if not necessary, when evaluating inte-
grals with multiple loops: in fact there the direct evaluation of the integral may not be possible at
all.
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C.5.3 Fourier integrals evaluation using tensor decomposition

We argue that it is possible to evaluate in full generality the tensorial generalizations of the scalar
integral (C.31), like formula (C.33) derived in section C.3.1, using the tensor decomposition proce-
dure presented in section 2.2.2: for any number of tensorial indices we may perform such a tensor
decomposition procedure, the only difference being that we have to consider {x;} instead of {p;}
as the external vectors from which we’ll build the ansatz tensors to which the form factor will be
proportional to.

In fact in the Mathematica code we used for the evaluation of conservative diagrams we employed
this method to programmatically evaluate any needed tensorial generalization of the Ip integral

(C.31).



APPENDIX

EXTRACTS FROM THE MATHE-
MATICA CODE

In the following we present a few extracts from the code which we developed in Mathematica to
evaluate generic conservative diagrams, and which we outlined in section 4.4.

The high level function which can be called to evaluate a diagram , and which implements the
procedure outlined in section 4.3, as presented also in section 4.4, reads as follows:

automaticEvaluateDiagram[listOfFeynmanRules_,positiveMultiplicitySymmetryFactor_,showOutputDynamically : False]:=nodu1e[

{listDiagramExpression,tempListOfDiagrams,resultListOfDiagrams,DynamicalOutputInitialText},

DynamicalOutputInitialText=": "5

Mon'i tor|

automaticEvaluateDiagramProgressIndicator=0.};

PrintTemporary[DynamicamutputInitiaIText, "Constructing m‘agram"];
listDiagramExpression={multiplyDiagramByPositiveSymmetryFactor[joinFeynmanRulesInternal[listOfFeynmanRules],positiveMultiplicitySymmetryFactor]};
automaticEvaluateDiagramProgressIndicator=0.05;

If[showOutputDynamica11y==True,PrintTemporary[h’stDiagramExpressﬁon];Input["Im’t1'a1 diagram, press enter to conﬁnue"], ];

PrintTemporary[DynamicalOutputInitiaIText, "Evaluating diagram temporal sector"];
tempListOfDiagrams=automaticSolveTemporalSector[listDiagramExpression];

automaticEvaluateDiagramProgressIndicator=0.20;
If[showoutputnynamcauy=='rrue,Printremporary[tempustofm‘agrams];lnput["Solved temporal sector, press enter to conn‘nue"], ];

PrintTemporary[DynamicaloutputInitialText, "Sunming over worldline indices in diagrams and simplifying expressionst];
tempListOfDiagrams=automaticDiagramOperationsOnTimeAndWorldlinesVariables[tempListOfDiagrams];
automaticEvaluateDiagramProgressIndicator=0.30;

If[showoutputDynamically===True,PrintTemporary[tempList0fDiagrams]; Input['Sunmed over worldline indices and simplified diagrams expressions, press enter to continue"], |5

PrintTemporary[Dynan\icall)utputInitiaIText, "Enforcing Dirac deltas of the spatial components of the bulk momenta"];
tempListOfDiagrams=Table[automaticEnforceBulkSpatialMomentaDiracSingleDiagram[tableTempDiagram],{tableTempDiagram,tempList0OfDiagrams}];
automaticEvaluateDiagramProgressIndicator=0.31;

If[showOutputDynamica11y==True,PrintTemporary[tempListOfDiagrams];Input["Enforced Dirac deltas of the spatial components of the bulk momenta, press enter to continue"], ];

PrintTemporary[Dynan\icalOutputInitiaIText, "Preparing evaluation IBP loop and Fourier integrals"];

tempListOfDiagrams=separateSpatialMomentaAndOtherQuantitiesListOfDiagrams[tempListOfDiagrams];

tempListOfDiagr ateLoopl ierMomentalistOfDiagrams[tempListOfDiagrams];
automaticEvaluateDiagramProgressIndicator=0.35;
If[showoutputnynamicauy=='rrue,Printremporary[tempustofm‘agrams];lnput["Prepared IBP and Loop integrations, press enter to continue"], ];

PrintTemporary[Dynamicall)utputInitiaIText, "Evaluating IBP loop integrals"];
tempListOfDiagrams=AutomaticEvaluationIBPsLoopIntegrals[tempListOfDiagrams];

automaticEvaluateDiagramProgressIndicator=0.75;

If[showoutputnynamicauy=='rrue,Printremporary[tempustofm‘agrams];Input["Evaluated IBP loop integration, press enter to conﬁnue"], ];

PrintTemporary[Dynan\icall)utputInitiaIText, "Evaluating Fourier integrals in diagrams"];
tempListOfDiagrams=AutomaticEvaluationFourierIntegralsNewer[tempListOfDiagrams];

automaticEvaluateDiagramProgressIndicator=0.95;
If[showOutputDynamica11y==True,PrintTemporary[tempListOfDiagrams];Input["Evaluated Fourier integrals, press enter to continue"], ];

PrintTemporary[Dynan\icall)utputInitiaIText, "Einishing diagrams evaluation"];

tempListOfDiagrams=listOfDiagramsFinishCalculationsInternal[tempListOfDiagrams,False];

PrintTemporary[Dynamica10utputIn1'tialText, "Finished diagrams evaluatiol

automaticEvaluateDiagramProgressIndicator=1.0;
resultListOfDiagrams=tempListOfDiagrams;

sProgressIndicator[automaticEvaluateDiagramProgressIndicato r]] 5

resultListofDiagrams

]
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In particular we report also the code corresponding to one of the functions called therein, which
evaluates the temporal sectors (as explained in sections 4.3 and 4.4). That is, it performs the needed
manipulations of the expressions by exchanging temporal Fourier momenta k" for time derivatives
O, by applying these time derivatives to the expressions, by performing the integrals over the
temporal Fourier components k° to obtain time Dirac deltas §(t' — t), and finally by performing
the integral over the relevant time variables in order to enforce these Dirac delta. The code reads:

automaticSolveTemporalSectorSingleDiagramInternalfdiagram ] :=
Nodule[{nBulkTemporalMomentaDiracIn'itialTemp, number0fVarInBulkMomentaTemporalDiracsTemp, index0fBulkTemporalDiracDeltaTemp,
tempDiagramBulk, expandedDiagram, listHomogeneousTemporalDiagrams, tempDiagram, scalingTemp, forTempIndex, forTempIndexInner, byPartsTemporallistTemp,
listofTemporalMomentaTenp, listOfReturndiagrans, number0fvarInTemporalDiracsTemp, nTemporalDiracInitiallemp, index0fbiracDeltaTemp},
tempDiagramBulk = diagram;
PrintTemporary["Enform’ng Dirac deltas of the temporal components of the bulk momenta“];
nBulkTemporalMomentaDiracInitialTemp = Ler\g(h[diagraml[“integrations", "temporalBulkDiracDelta"m;
For[forTempIndexInner = 1, forTempIndexInner s nBulkTemporalMomentaDiracInitialTemp, forTempIndexInner++,
number0fVarInBulkHomentaTemporalDiracsTemp = Table[{tableTempIndex,
Length[salect[tempDiagramBulkﬂ"integrations", "temporalBulkDiracDelta"], Not[rreeq[n, tempDiagramBulkf"integrations", "momentaTemporallntegrationsvars", tahleTempIndex]m &]]},
{tableTempIndex, Length[tempDizgramBulkl"integrations“, "momentzTemporalIntegrationsVars"l]}];
number0fVarInBulkMomentaTemporalDiracsTemp = SertBy[numberOfVarInEulkMomentaTemporalDiracsTemp, Last];
number0fVarInBulkMomentaTemporalDiracsTemp = Select[numberOfVarlnEu\kMomentaTemporalDiracsTemp, Not[(t!ll]] === s)] u.];
index0fBulkTemporalDiracDeltaTemp = FirstPosition[tempDiagramBulkl["integrations", "temporalBulkDiracDelta"l, Selectrirst[rempm‘agramsulkl["incegracions", "temporalBulkDiracDeIta"l,
uot[FreeQ[u, tempDiagramBulkf"integrations", "momentaTemporalIntegrationsVars", number0fVarInBulkHomentaTemporalDiracsTemp[1, 1]]]]] &]];

If[indexOfBulkTemporalDiracDeltaTemp

Missing["NotFound"], Print[“Error automaticSolveTemporalSectorSingleDiagramInternal: momenta temporal Dirac delta not found"],];

tempDiagramBulk = EnforceBulkTemporalMomentaDiracDeltasingleDirac[tempDiagramBulk, number0fVarInBulkMomentaTemporaldiracsTemp[1, 1], index0fBulkTemporaldiracDeltaTemp[1l];

Is

iagram = diagr essionsKey[tempDiagramBulk, "momentaTemporalCoeff"];
listofReturnDiagrams = 03
ListHomogeneousTemporalDiagrans = groupIntoSeparateList0fDiagramsHomogeneousScalingInIntegrationVariables[expandeddiagram, "momentaTemporalIntegrationsVars", "momentaTemporalCoeff"];

(+ Now each diagram should scale hom

geneously wrt temporalmomentacomponents, so I can integrate by parts! x);

For[forYempInde

1, forTempIndex s Length[ListHomogeneousTemporalDiagrams], forTempIndexs+,

PrintTemporary["Expression ", ToStringlforTempIndex], " / ", ToStringlLength[listHomogeneousTemporalDiagrans]l, ": integrating by parts temporal momenta component"];
tempDiagram = listHomogeneousTemporalDiagrams[forTempIndex];
scalingTemp = Table[Exponent[tempDiagraml["expressions", 1, "momentaTemporalCoeff", 1]], tableTempVar], {tableTempvar, tempDiagraml"integrations", "momentaTemporaUntegrationsvars"]l}];
(+ Better to perform double integration by parts at once if applicable, as it automatically produces vA2 terms instead of xsa )
byPartsTemporalListTemp = Flatten]

Tahle[ConstantArray[tempDiagraml[“integrations", "momentaTemporalIntegrationsvVars", tab\eTempxndex]], Floor[scah’ngTempﬂtableTsmplndex]l2]], {tableTempIndex, Length[scalingTemp]}]];
Table[tempﬂiagram = transformTwoMomentaTemporaIIntoTimeDoubIenerﬁvah‘ve[tempuiagram, tab\eTempVar], (tableTempVar, byPartsTemporalListTemp}];
byPartsTemporalListTemp = Flatten['l'able[constantArray[tempDiagraml"ir\(egrations", "momentaTemporalIntegrationsVars", tabIeTempIndexI,

scalingTemp[tableTempIndex] - 2-Floor[s:alingTempltableTempIndex]12]], {tableTempIndex, Lengch[scalingTemp]}]];

Tahle[tempbiagram = transformOneHcmentaTempnrallntoTimeSingleDerivative[tempDiagram, tableTempVar], {tableTempvar, byPartsTemporalListTemp)];
tempDiagram = diagramSimplifyExpressionsInternal[tempDiagram, True];
Pr'lntTemporary["Expression ", ToString[forTempIndex], " / ",

TostringlLength[ListHomogeneousTemporaldiagrans]], ": converting temporal momenta components in exponential into temporal Dirac deltas"];
listOfTemporalMomentaTemp = tempDiagraml[“'integrations", "momentaTemporalIntegrationsvars"l;
Table[tsmpniagram = convertExponent‘ialArgTemporalToniracneltasingle[tempniagram, 1], {tableTempvar, Length[listOfTemporalMamentaTemp]}];
PrintTemporary["Expression ", ToStringlforTempIndex], " / ", ToStringlLength[ListHomogeneousTemporaldiagrans]l, ": enforcing temporal Dirac deltas"];
( May be better to select Dirac delta which appear only once firsts);
nTemporalDiracInitialTemp = Length[tempbiagraml["integrations", "temporalDiracDelta"l];
For[forTempIndexInner = 1, forTempIndexInner s nTemporalDiracInitialTemp, forTempIndexInner++,
number0fvarInTemporalDiracsTemp =
Table[{tableTempIndex, Length[Select[(empDiagraml["integrations", "temporalDiracbelta"], Not[FreeQ[ﬂ, tempDiagram|"integrations", "timeIntegrationsvars", tableTempIndex]ﬂ] s.]]},
{tableTempIndex, Length[templﬁagraml"integrations", “t1'meIntegratinnsVars"l]}];
numberOfVarInTemporalDiracsTemp = SortBy[numberOf\/arInTemporalDiracsTemp, I.ast];
numberOfVarInTemporalDiracsTemp = Select[numberOfVarInTemporalDiracsTemp, ue:[(u[z] === e)] :.];

index0fDiracDeltaTemp = FirstPosition[templh'agraml"integrations", "temporalDiracDelta

SelectFirst[tempDiagram'[“integrations", "temporalniracne\ta"]l, Not[FreeQ[n, tempDiagraml["integrations", "timeIntegrationsVars", numberofvarInTemporalDiracsTemle, 1“]]] &]];
If[indexOfDiracDeltaTemp === Missing["NotFound"], Print["Error automaticSolveTemporalSectorSingleDiagramInternal: Dirac delta not found"],];

tempDiagram = EnforceTimeDiracDeltasingleDirac[tempdiagram, number0fVarInTemporaldiracsTemp[1, 1], indexofdiracbeltaTempl1l];

s

AppendTo[listOfReturnDiagrams, tempDiagram];

Is
listofReturnDiagrams

]

As an example, the evaluation of diagram Ay, which is a diagram first contributing at 2PN, and
which we evaluated explicitly in 4.3, can be performed with the following code:
ruleWorldPhi = precomputeWorldlineGravityVertex[{1, 0, 0}, {kt1}, {kt01}, "ruleWorldPhi"];

ml-1- ruleWorldA = precomputeWorldlineGravityVertex[(@, 1, 0}, {kt1}, {kte1}, "ruleWorldA"];

SetDirectory[NotebookDirectory[]];
listOfNeededScalingsEvalNonZero = Get["listOfNeededScalingsEvalNonZero.dat.m"];
listOfNeededScalingsEvalNonZero = listOfNeededScalingsEvalNonZero//. {i -» i3, A= A};

ruleBulkPhi2A = pr. puteBulkFey 'l.e[’l.istcf dedScalingsEvalNonZero[7, 6, 1],
{kt2, kt3}, {kt1}, {0}, {{kt02, kt03}, {kto1}, {}, {o, «riy, {o}}, "ru'l.eBu'l.kPh'iZA"];
loadAllPrecomputedIBPs

o1 loadPrecomputedTensorDecompositions
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The above lines of code have to be computed just once (along with other initialization lines) in
order to load the relevant Feynman rules and the precomputed integration-by-parts basis and tensor
decompositions. Then the actual computation of the diagram is performed by simply specifying the
relevant Feynman rules and the propagators, obtaining an expression exact in d and in v, which can
then be expanded also to obtain the relevant contributions to the potential at any post-Newtonian
order.

diagram2gRules = {specializePrecomputedBulkFeynmanRule[ruleBulkPhi2A, {k2, k3, k1}, {k062, ko3, k1}, {3, (1)}, (0N,
specializePrecomputedWorldlineFeynmanRule[ruleWorlda, a, 1, {-k1}, {~k01}, {i2}], specializePr dlineFey le[ruleWorldPhi, b, 2, {-k2}, (-k02}, {1,
specializePrecomputedWorldlineFeynmanRule[ruleWorldPhi, c, 3, {-k3}, {-k03}, {}], APropagator[kl, ko1, -i1, -i2, 6], phiPropagator(k2, k62, 6], phiPropagator(k3, ke3, o]}

{{rulesulk?hiZA, (|integrat'ior\s - ¢|timeIntegrationsVars - {}, momentaSpatialIntegrationsvars - {},

momentaTemporallntegrationsVars - {}, temporalDiracDelta - {}, spatialBulkDiracDelta - {k1+ k2 +k3)}, temporalBulkDiracDelta - (ko1 +k02 +Kk03}|>,

1
informations » (lworldlinelndices > {, temporalIndices - {}, symmetryFactor - {—}, positiveSynmetryFactorImposed - {False}, IBPL >, Fourierl ao QI),
2

2icdd o

expressions - {(|sca1arcoeff 5 {- }, vectorCoeff - {6, " }, momentaspatialCoeff - {k2*' }, nomentaTemporalCoeff - (ko3}, exponentialArgspatial - (o), exponentialArgTemporal » (e)| Y,

2icdd

il

(|sca1arc0eff - {- } vectorCoeff {5, '}, nomentaspatialCoeff » {k3*"" }, momentaTemporalCoeff - (k02}, exponentialArgspatial - (6}, exponentialArgTemporal » (a)|)}|)},

{ruleWOrldA, (|1'ntegrat'ions - ¢|timeIntegrationsVars - {t1}, momentaSpatialIntegrationsvVars - {}, momentaTemporalIntegrationsvars - {},

temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {}|>,
informations » <|worldlineIndices - (a}, temporallndices - (1}, symmetryFactor - {1}, positiveSymmetryFactorImposed - (False}, IBPLoopHomenta - {}, FourierLoopMomenta - (|5,

expressions » {(|s:alarCoeff -»{ } vectorCoeff - {va1'? }, nomentaspatialCoeff - {1},

momentaTenporalCoeff - (1}, exponentialArgspatial » {~i(k1' xal,,)}, exponentialargTemporal - {iko1 t1)|)}|)},
{ruleWorlde‘ R (|1'n:egran'ons - <|timeIntegrationsvars - {t2}, momentaSpatialIntegrationsvVars - {}, momentaTemporalIntegrationsvars - {},

temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {}|>,
informations » <|worldlineIndices - (b}, temporallndices - (2}, symmetryFactor - {1}, positiveSymmetryFactorImposed - (False}, IBPLoopHomenta - {}, FourierLoopMomenta - (|5,

imb (2+(-2+cdd) (vb2,, vb2'))

2 4[1-(vb2,, wb2")

momentaTenporalCoeff - {1}, exponentialArgspatial » {~i(ka" xb2y,)}, exponentialargTemporal - {iko2 :z}|)}|)},

expressions - {(|scalarCoeff - {- } vectorCoeff - {1}, momentaSpatialCoeff - (1},

{ruleworldPhi R (|incegran‘ons 5 ¢|timeIntegrationsVars - (t3), momentaSpatialIntegrationsVars - {}, momentaTemporalIntegrationsvars - {},

temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {}|>,
informations - <|worldlineIndices - {c}, temporalIndices - (3}, symmetryFactor - {1}, positiveSymmetryFactorInposed - {False}, IBPLoopMomenta - {}, FourierLoopMomenta - (|5,

imc(2+(-2+cdd)(ves,, ves™))

expressions - {(|scalarcoeff N {- }, vectorCoeff > {1}, momentaSpatialCoeff - {1},

21 \[1-(ves,, ves™)
momentaTemporalCoeff - (1}, exponentialArgspatial » {-i(k3' xc3,,)}, exponentialArgTemporal - {i ko3 t3}|)}|)},
{propagator, (|'integrat1'ons - ¢|timeIntegrationsVars - {}, momentaSpatialIntegrationsvars - {k1}, momentaTemporalIntegrationsvars - {k01},

temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {|>,
informations - ¢<|worldlineIndices - {}, temporalIndices - {}, symmetryFactor - {1}, positiveSymmetryFactorImposed - (False}, IBPLoopMomenta - {}, FourierLoopMomenta - {}[> ,
1

}, momentaTemporalCoeff - {1}, exponentialArgSpatial - (0}, exponentialArgTemporal - (a)| )}|)},

i
expressions#{(|scalar€oeff-){—}, vectorCoeff - {6,,,,}, \.ialCoeff-»{ -
2 iy, ki'
{propagator, (|1'ntegrat'ions - ¢|timeIntegrationsVars - {}, momentaSpatialIntegrationsvars - {k2}, momentaTemporalIntegrationsvars - {2},

temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {|>,
informations - ¢<|worldlineIndices - {}, temporalIndices - {}, symmetryFactor - {1}, positiveSymmetryFactorImposed - (False}, IBPLoopMomenta - {}, FourierLoopMomenta - {}|>,

i
expressions » {(|scalar€oeff N {-—} vectorCoeff - {1}, tialCoeff » { } momentaTemporalCoeff - {1}, exponentialArgSpatial - {0}, exponentialArgTemporal - (a)| )}|)},
2cdd

K2y, k2')
{propagacor, (|integrat'ior\s - ¢|timeIntegrationsVars - {}, momentaSpatialIntegrationsvars - {k3}, momentaTemporalIntegrationsvars - {k03},

temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {}|>,
informations » <|worldlineIndices - {}, temporallndices - {}, symmetryFactor - (1}, positiveSymmetryFactorImposed - (False}, IBPLoopMomenta - {}, FourierLoopMomenta - {}[> ,

}, momentaTemporalCoeff - {1}, exponentialArgSpatial - {0}, exponentialArgTemporal - (a)| )}|)}}

i
expressions - {(|scalarc0eff - {-—} vectorCoeff - {1}, momentaSpatialCoeff » {—
2cdd K34, k3

diagram2gResult = automaticEvaluateDiagramdiagram2gRules, 2]

{(lintegran‘ons -
<|timeIntegrationsVars - (t}, momentaSpatialIntegrationsVars - {}, momentaTemporalIntegrationsVars - {}, temporalDiracDelta - {}, spatialBulkDiracDelta - {}, temporalBulkDiracDelta - {}|>,

1
informations » (lworldlinelndices 5, temporalIndices - {}, symmetryFactor - {—}, positiveSymmetryFactorImposed - {True), IBPLoopMomenta - {}, FourierLoopHomenta - o]) K
2

expressions » {(|scalarCoeff N

) dr d
{-[[ 279 m1m2 3¢ CSC[T] Gamma[-2 + d] sprir, r]*¢ [- sprir, rl(1-sprivl, vi) (L-spriv2, v2])(2+(-2+cdd) spr[v2, v2]) [(s -2d) Gamma[Z - ;] (2(@-dym (2+(-2+cdd) sprivl, vi)(sprlvi, v1]+sprivi, v2))

d
1-spr(v2, v2] +(-2+d)m2 4/1-spr(vl, v1] sprivl, v2](2+ (-2 +cdd) spr(v2, v2]))-2 Gamma[3 - = ] (2 (1 - d)m1 (2 + (-2 + cdd) spr{v1, v1])(sprivl, vi]+sprlvl, v2]) y/1-spr(v2, v2] +
2

d
(-2+d)m2 A/1-sprivi, v1] sprivl, v2](2+(-2+cdd) spriv2, v2l)+(-1+d)m2 A/1-sprivl, v1] sprivl, v2](2+(-2+cdd) spriv2, vZ]))]o sprir, vi] ((5 -2d)d Gamma[z- ;](1- sprivi, vi)
(1-sprv2, v2)) (2+(»2 +cdd) spr(v2, v2]) (2 (1-dyml (spr(r, vi]+sprlr, v2)) (21‘(—2 +cdd) sprvl, vx]) N1=spr(v2, v2] +(-2+d)m2 sprir, v2] /1-sprlv, vi] (2+(-2+cdd) spr[v2, VZ]))—
d
2 Gamma[3 - ;](1 -sprivl, vi) (1-spriv2, v2))(2+(-2+cdd) spriv2, v2])(2 (1 - d)mL (sprlr, vi]+sprir, v2))(2+(-2+cdd) sprivl, vi)) Y1-spr(v2, v2] +(-2+d)m2 spr(r, v2] y/1-sprlv1, vi]
d
(2+(-2+cdd) spriv2, vz]))u-ud)’ Gamma[z— ;] sprlr, r](2ml sprial, v1] (2-2 cdd + (-2 + cdd) spr[v1, vi]) (1 - spriv2, v2)*? (z»(-z +cdd) spr(v2, v2])-m1 spr(a2, v2](1-sprvl, vi)
(2+(-2+cdd) sprivi, vi)) NJ1-sprivz, va) (2-2cdd+(-2+cdd) spr[v2, v2))+2m2 spr{a2, v2] (1 - sprivl, vi)¥?(2+(-2+cdd) sprv2, v2])(2-2 cdd + (-2 + cdd) spriv2, v2])+ml y/1-spr[v2, v2]

(2 sprial, v1](2-2cdd+(-2+cdd) sprivl, vi]) (1 - spriv2, v2]) (2 + (-2 +cdd) spr(v2, v2])+ spr(a2, v2] (-1+sprivl, v1]))(2+(-2+cdd) sprivl, v1])(2-2 cdd+ (-2 + cdd) spr[v2, vZ]))))]]/

d d 1
[cdd (-1+)? A* Gammal2 - ;] Gamma[3 - ;] Gamma[; (-1+)](-1+5privi, vi)? (-1+spr[v2, vzn’]j}, vectorCoeff - (1}, momentaSpatialCoeff - (1},

momentaTemporalCoeff - {1}, exponentialArgSpatial - {0}, exponentialArgTemporal -
@ }}

saveListOfDiagrams[diagram2gResult, "Diagram2g"]

diagram2gPotential = automaticObtainPotentialFromEvaluatedList0fDiagrams(diagram2gResult, 2]

6*mLm2 (1 +m2) spr(v1, v2]-4mlspr[vl, 7] -3 m1em2) sprlv, F]- spr[v2, ]+2 (m1va? +m2 v2? - 2m2 spr{v2, ?]’))

2
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