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Preamble: Why Effective Field Theory?

‘A physical understanding is a completely un-mathematical, imprecise, and inexact thing, but absolutely

necessary for a physicist.” — Richard P. Feynman.

The Feynman Lectures on Physics — Volume II section 2-1, “Understanding Physics.”

One of the main goals of physics is to be able to reduce all observed phenomena down to a set of
(mathematical) laws in a unified picture. However, even assuming such a description is ever achieved —or
is even possible— its inherently fundamental character would be of little use in order to describe phenomena
at scales other than at the deepest layers. Throughout the years the lack of a ‘theory of everything’ has
not stopped physicists from constructing models that fit observations, put bounds on the scale (of new
physics) at which the models may break down, and ultimately make predictions. Our ability to do so is

rooted in basic properties of physical laws as faithful descriptions of nature.

A physical theory which does not attempt to be valid at all scales is often called an ‘effective field theory’
(EFT) or plainly an ‘effective theory.” A traditional example of an EFT in particle physics is Fermi’s theory
of weak interactions. However, we do not need to invoke the electroweak scale, since effective descriptions
in nature are commonplace. For instance chemistry may be thought of as an effective theory, for it does
not require the theory of quarks and leptons to describe chemical reactions, and the latter can be simply
fit into a model of electrons interacting via Coulomb forces. The reader may object that, as powerful a
framework as EFTs may be, it is nonetheless preferable to have a theoretical description which remains
applicable for the largest possible range of scales. However, even in those cases where such a model
may exist, for instance when we concentrate on a subset of interactions, it is often we find it hard —or
impossible— with our current techniques to solve for the dynamics in closed analytic form. That is the
reason very sophisticated numerical tools are in constant development, for example lattice methods for
the strong interaction (QCD) or simulations in structure formation. It is in these situations that finding
reliable EFT descriptions is extremely valuable. That is because they allow us to get a grip on the analytic
side, often providing a deeper and more systematic understanding of the dynamics. This is particularly
useful when the variables in the problem ought to be scanned over a large parameter space, which is usually
computationally expensive. The EFT can also be used to cross check with numerical results within the
realm of overlapping validity. Effective theories are thus a simplified, yet remarkably generic, bottom up

approach which provides us with a powerful instrument to describe physics at the scales of interest.

One of the key elements in an EFT framework is the decoupling of short-distance/high-frequency
physics from long-distance/low-frequency observables. The effects of the former upon the latter can be
described entirely in terms of long-distance/low-frequency degrees of freedom, and local —in space and
time— interactions. The price to pay in any effective description is thus a set of unknown coefficients which
are obtained from data, or comparison with a more comprehensive theory, when known. This procedure
goes by the name of matching. There are many instances where decoupling is manifest in nature. The

most famous' equation in physics is an example of decoupling:

F=ma.

I Perhaps second only to E = mc?.
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The dynamics of a long-distance observable, namely the position of the center-of-mass of an object, @em (1),
can be described locally, in space and time, in terms of the forces applied along its trajectory, F'[@cm(t)].
The parameter in this case, m, is the (inertial) mass. The Newtonian theory does not give us any extra
information about the mass of an object. (The sum of the constituents is as far as we get about a collection
of particles.) It does, however, provide a mean to measure masses using some standardized experimental
set-up. Once the mass is known, predictions about the object’s motion under different influences can be

made, using its universal character. 2

It is also often the case that the force itself depends upon parameters that need to be obtained from
observation, or a deeper layer, such that additional information is required to solve for the motion, e.g. the
electric charge (or the ‘spring constant’). A celebrated counter-example —provided the equivalence principle
holds— is gravity. The dependence on the internal structure of the body drops out of the equations, and
objects in an external gravitational field follow geodesic motion to very good approximation. This is
often referred as the effacement theorem. This does not mean, however, that effective parameters are
not required in gravity. For example, take the gravitational field produced by the sun which varies on
a scale r much larger than the size of earth, r. < r. Since r. # 0 our planet thus experiences slightly
different pulls. This is the origin of tidal deformations. The response to tidal forces depend on the inner
structure of the objects and, because r./r < 1, these can be incorporated in an EFT framework order
by order in the ratio of scales. This is ultimately related to the concept of power counting in EFTs or, in
other words, assessing the number of unknown parameters. Simply put, power-counting means identifying
terms in a multipole expansion, or generalized dimensional analysis. At the end of the day, gradients of the
gravitational field will couple to a series of multipole moments. Hence, the motion of extended bodies in
various situations can be obtained once the (background) value of these moments, and the response to an
external gravitational field, are known. This is the matching procedure we alluded to before, which relies

on comparison with known examples and later on using this information in more complicated settings.

In this review, the dynamics of gravitationally interacting extended objects —such as a binary system
or cosmological large scale structures— will be studied within an EFT framework. In our case the matching
consists on obtaining multipole moments order by order in the ratio of scales, and ultimately in terms of the
dynamics of the constituents. This will be our leitmotiv for the construction of an EFT approach to grav-
itational dynamics. The novel ingredient with respect to more traditional EFTs is the ‘method of regions’
and the distinction, especially for the binary case, between potential and radiation zones. Throughout this
review we will assume —based on a strong experimental and theoretical bias— that general relativity holds
at all relevant scales in our problem (as QCD does for the strong force). Nonetheless, the dynamics of
extended objects in gravity is challenging, mainly due to non-linearities and the different scales involved in
cases of interest. We will attempt to convince the reader that adopting an EFT framework, when possible,

greatly simplifies the computations and provides the required intuition for ‘physical understanding.’

2 It is still plausible that one day all masses in nature may be derived from first principles, in natural units. Or say
the ratio between the electron’s mass and the electroweak scale (Yukawa coupling). In any case, knowledge of the quantum
theory of gravity is not required to build bridges.
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Introduction

An out-of-towner accidentally drives his car into a deep ditch on the side of a country road. Luckily
a farmer happened by with his horse named Zoso. The man asked for help. The farmer said Zoso could
pull his car out. So he backed Zoso up and hitched him to the man’s car bumper. Then he yelled, “Pull,
Lucy, pull.” Zoso did not move. Then he yelled, “Come on, pull Willy.” Still, Zoso did not move. Then
he yelled really loud, “Now pull, Timmy, pull hard.” Zoso just stood. Then the farmer nonchalantly said,
“Okay, Zoso, pull,” and Zoso pulled the car out of the ditch. The man was very appreciative but curious.
He asked the farmer why he called his horse by the wrong name three times. The farmer said, “Oh, Zoso

is blind, and if he thought he was the only one pulling he would not even try.” — Anonymous

After (precisely) one hundred years since Einstein’s field equations of gravitation were published [1],

: " 1
R..‘\= 2, %r—;: +2‘ F(',r-'l = —X (7-‘-— ;gl- T)

4

Kerr’s metric describing neutral, rotating black holes —found almost fifty years later [2]- is among the few
known exact solutions in asymptotically flat spacetimes. The lack of generic solutions to the N-body prob-
lem in general relativity highlights the importance of analytic and numerical methods as invaluable tools.
Exact solutions are difficult to produce primarily due to the non-linear structure of the field equations, but
also because of the various disparate scales involved in diverse phenomena of interest. Therefore, similarly
to lattice QCD, numerical relativity has matured into a successful area of research. However, unlike the

powerful EFTs for QCD, the EFT framework had not been implemented in gravity until recently.

The EFT approach to the binary inspiral problem was originally proposed by Goldberger and Rothstein
in the context of gravitationally bound non-rotating extended objects [3, 4], and subsequently extended
to spinning bodies in [5, 6]. The EFT framework was coined non-relativistic general relativity (NRGR),
borrowing from similarities with EFTs for heavy quarks in QCD, e.g. NRQCD [7, 8 and HQET [9—
11]. While field-theoretic (and diagrammatic) techniques have been applied in gravity in the past, e.g.
[12-20], as well as within the Post-Newtonian (PN) expansion, e.g. [21-25], NRGR exploits the existence
of a separation of scales in the problem which makes it amenable to a novel EFT treatment [3-6, 26—
32]. The connection with EFTs for the strong interaction does not end with the name-tag, since bound
states of heavy quarks interacting via —non-linear— gluon exchange, and moving non-relativistically, deeply
resembles the two-body problem in the PN framework. The main difference is the classical nature of our
system whereas QCD is rooted in quantum effects. The classical setting, as we shall see, still shares many

of the same computational hurdles, especially dealing with ultraviolet (UV) and infrared (IR) divergences.

A combined numerical and analytic approach to the binary problem is of paramount importance in
light of the program to observe gravitational waves, directly with the present and next generation of
ground- and space-based observatories [33-40], and also through pulsar timing arrays [41-45] (see also
[46]). The new era of multi-messenger astronomy has began with an outstanding direct detection (from the
merger of binary black holes) by Advanced LIGO [47].% Following this remarkable landmark achievement,
gravitational wave science will soon turn into the study of the data to identify the properties of the sources,

opening an ear to the universe which may elucidate fundamental problems in astronomy, astrophysics and

Shttps://dcc.ligo.org/LIGO-P150914/public
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cosmology [48, 49]. Even though it does not prevent detection, the lack of sufficiently accurate templates
may hinder parameter estimation and the ability to correctly map the contents of the universe. The need
of a faithful template bank has thus driven the development of calculations to high degree of accuracy.
While describing the merger requires numerical methods, e.g. [50, 51], these do not have the power to
cover the entire number of cycles during the inspiral phase, and scanning simulations over the binary’s
parameter space proves costly [52]. Therefore, perturbative (analytic) techniques remain a vital ingredient
to tackle the two-body problem in general relativity. * After an heroic tour de force, the gravitational wave
radiation for non-rotating binary systems was completed to 3PN order more than ten years ago [57-59]
(see e.g. [49, 60] for an exhaustive list of references). However, until recently most of the computations
had been carried out for non-spinning constituents and using traditional methods. Albeit without the
precision we envision from future gravitational wave measurements [61], recent observations of black hole
spins indicate that binary systems may be frequently close to maximally rotating [62]. It is then timely

and necessary to develop more accurate templates which include spin effects, e.g. [63-70].

NRGR has been instrumental in describing spinning compact binary systems to 3PN order [71-79].
The leading order spin effects were computed many years ago [80-83]. However, around the time the EFT
framework was developed [3-6] only spin-orbit terms were known to 2.5PN, corresponding to the next-
to-leading order (NLO) [84-86] (see also [87]). The computations in the EFT approach then triggered a
renewed interest in the community, leading to confirmation of the results obtained in [71-75] for the spin-
spin gravitational potentials at NLO (3PN). This was achieved in [88-92] using the Arnowitt-Deser-Misner
(ADM) formalism [93], and later in [94] in harmonic gauge [60]. Moreover, the radiative multipole moments
quadratic in the spin, originally computed in [77] in the EFT approach, have been recently re-derived
in [94]. (The comparison is pending.) Subsequently, a combined effort has pushed the EFT calculations
in the conservative spin sector to higher PN orders, with the computation of the NNLO gravitational spin
potentials [95-98]. These results were also obtained with more traditional methods [99-101], except for
finite-size effects, which are incorporated in an EFT framework [5, 75], now generally adopted. The EFT
formalism was also used to compute the leading finite size effects cubic (and quartic) in the spin [102-104].
The efficiency of NRGR has been equally demonstrated in the non-spinning case, with the re-derivation of
the NNLO (2PN) and NNNLO (3PN) potentials [105, 106], and partial results to NNNNLO (4PN) [107].
The latter is in agreement with the (local part of the) complete 4PN Hamiltonian recently achieved in both
ADM and harmonic coordinates [108-113]. (Presently, a disagreement between the results in [108-111] and
[112] has not been resolved, see [113].) At 4PN order we also find time non-locality in the effective action,
due to hereditary effects [111, 112]. This was derived in [32] through the study of radiation-reaction.
Moreover, the rich renormalization group structure of NRGR was uncovered in [28, 30, 32], naturally

incorporating (and resumming) logarithmic contributions to the binding mass/energy, found in [114].

Our main goal is therefore to provide an introduction to the EFT approach to gravitational dynamics.
We will not attempt to be fully comprehensive, since excellent reviews of the standard lore in the two-

body problem exist in the literature, with a complete set of references, e.g. [49, 60, 115]. Moreover, a first

4Binary systems are also a natural laboratory to learn about gravity in the strong-field regime. The combination of
perturbation techniques with numerical methods has provided novel insight into the structure of non-linear field equations,
e.g. [53], including interesting connections with high energy physics, e.g. [54-56].
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course on NRGR can be found in [116], and in [117] with focus on radiation-reaction (see also [118-121]).
Nevertheless, we will proceed in a self-contained fashion targeting readers without much familiarity with
field-theoretic tools which are at the core of the EFT machinery. This review thus progresses in three
parts. In part I, we demonstrate how techniques from quantum field theory can be used in classical physics.
In sec. 1 we introduce the path integral and the saddle-point approximation. In sec. 2 we compute the
binding potential perturbatively in a theory of slowly moving ‘point-like’ sources. We also discuss Wick’s
theorem and Feynman rules. In sec. 3 we introduce the multipole expansion and the long-wavelength
effective action. We derive the total radiated power loss using the optical theorem. We discuss the method

of regions and the split between potential and radiation modes in sec. 4. We summarize part I in sec. 5.

In part IT we describe the tower of EFTs which are needed to analyze the binary inspiral problem.
We start with an introduction to the separation of scales. In sec. 6 we study the effective point-like
description of compact non-rotating extended objects. We also discuss (dimensional) regularization and
renormalization as well as the renormalization group flow. This is required to handle the divergences that
appear in the point-particle limit. We then introduce the effective action and non-minimal couplings,
together with the matching procedure. This fixes the arbitrariness in different renormalization schemes.
We move onto NRGR in sec. 7 and study the binary dynamics of two non-rotating compact extended
objects, including the binding energy and radiated power loss. We introduce the long-wavelength effective
action and discuss the matching for the radiative multipole moments. We review the rich renormalization
structure of the theory, tail effects and the presence of logarithmic corrections. We also discuss radiation-
reaction and the interplay between potential and radiation regions. In sec. 8 we generalize the results from
previous sections to the case of spinning compact objects. We introduce the effective action, non-minimal
couplings for rotating bodies and the matching procedure. We discuss the need of spin supplementarity
conditions and the Routhian approach. We then review the computation of the gravitational potentials,
and radiative multipole moments, needed to obtain all spin effects in the gravitational wave phase and
waveform to 3PN and 2.5PN order, respectively. We summarize the basics of the EFT formalism in sec. 9.
We conclude in part I1I with an introduction to EF'T methods in cosmology, in particular the Lagrangian-
space EFT for large scale structures. We discuss the pitfalls of standard perturbation theory in sec. 10,
the continuum limit of the EFT of extended objects in sec. 11, and the renormalization procedure and

resummation techniques in secs. 12 and 13, respectively. We summarize part III in sec. 14.

Since NRGR was developed, the EFT formalism has found a variety of applications (besides particle
physics). For example, to study the gravitational self-force in the extreme mass ratio limit, in vacuum
[122-125] and non-vacuum [126] spacetimes; the thermodynamics of caged black holes [127-129]; gravita-
tional radiation in d > 4 dimensions [130-132]; the radiation-reaction force in electrodynamics [133, 134];
constraints on modifications of general relativity [135]; the N-body problem [136]; Casimir forces [137-139];
vortex-sound interactions [140] and dissipation [141, 142] in fluid dynamics [143, 144] (see also [145, 146));
and for the early universe [147-150]. More recently, EFT tools have been applied to the evolution of large
scale structures [151-153], which we also cover in this review. At the end of this journey we expect the

reader to appreciate how the EFT framework can be applied across length-scales and disciplines. ®

5 http://www.ictp-saifr.org/?page_id=9163
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Part 1
The Quantum Field Theorist’s Approach to

Classical Dynamics

We start our review introducing some of the basic elements of the EFT construction while studying the
classical limit in quantum field theory. The appearance of & in intermediate steps solely demonstrates the
range of validity of the formalism, which naturally incorporates quantum effects. In our context, however,
h plays the role of a conversion factor which drops out of the final answer at the end of the day. That is
the case because —within the saddle point approximation— it enters as an overall multiplicative constant in
front of the action. Therefore, unless otherwise noted, we work in A = 1 units. The reader may be puzzled
about the soon-to-appear UV divergences in purely classical computations. As we shall see in detail, these
arise from a point-like approximation for the sources. There is no need to invoke quantum mechanics to
introduce a cutoff to our ignorance on the short-distance dynamics! (In addition, IR divergences are also
present. For the case of gravity, these will be related to the radiation problem in part II.) We restrict our
analysis to scalar fields in d = 4 spacetime dimensions. We study a linear static case first and then allow
for time-dependence and non-linearities. At the end of the chapter we overview the method of regions,
and the separation between potential and radiation modes. We will return to these concepts later on when
we review the binary problem in part II. We draw (heavily) from Coleman [154], Rothstein [155] and Zee

[156], which we recommend emphatically for more details, also e.g. [157-160].

1. Path-Integral

In classical mechanics the dynamics of the system is encoded in the action principle. In quantum field

theory the action is the main actor of the path-integral, which is defined as a functional integral:
Z[J] = /D¢ eS8, (1.1)

Here S[¢, J] represents the action for a set of fields, ¢(x), coupled to external sources, J(z). For macro-
scopic/classical objects, the factor of S[¢, J] > 1 leads to rapid oscillatory behavior. The path-integral is
then dominated by the ‘saddle-point’

Z[J] ~ eisle=os.T], (1.2)

where ¢;(z) is a solution that minimizes the action,

9516, J] —0. (1.3)
06(2) |4,
It is useful also to introduce
WIJ] = —ilog Z[J]. (1.4)

Notice in the classical limit we have W[J] — S[¢;, J].
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For simplicity, let us concentrate on a single massless scalar field. The action reads,
1
.1 = [ (~500)Po(e) - Vo) + T)ota)) (15

If we furthermore turn off self-interactions, V(¢) = 0, a solution to the field equations from (1.3) can be

written as

61(x) = breolx) +i / diyAp(z - y)T(y), (1.6)

where ¢ j—(z) solves the Klein-Gordon equation (with J(z) = 0). We will only keep the source term in

what follows. The ‘propagator,” or Green’s function, is given by

Ar(z —y E// — e o(@ovo)gip(@=y) 1.7
( : p Jpo Py — p? +ie (1)

The i€ is a choice of boundary condition, also known as Feynman’s prescription. Notice it only matters

when the momenta goes ‘on-shell,” p2 = p>. We will return to this point in sec. 3.

From (1.6) we obtain
Slo=6.9) = 5 [ dsd'yI(@)n(e - ) () = W1, (1.9

We will show later on how to include non-linearities. The functional W[J] will be the most important

object in the development of a —classical- EFT approach.

Even though we are using the path integral to define Z[.J], the latter is simply obtained by inserting the
solution to the classical field equations back into the action. It is nonetheless useful to retain the functional
integral, and moments thereof, as a compact way to organize the perturbative expansion. In particular,

from (in Euclidean space, 2° — —izy)

1 (2m)n/? 1 .
/dl‘l -~~dxnexp 7*21‘2'141'4'1‘]‘ +Z‘]le = exp *ZJZ(A )iij , (19)
2 r - Vdet A 2 v

it is easy to show we obtain the previous results, after identifying the matrix A with the Laplacian operator

6

in four dimensions.® The expression in (1.8) is exact for scalar fields coupled only to external sources.

That will not be the case for a self-interacting theory.
Notice we can read off the propagator from the functional derivative (with normalization Z(0) = 1)

S2W1J] L 02Z[J]

Ap(z —y) = —i m J=0 =) m J—0

(1.10)

This will be useful later on to set up the perturbative approach once non-linearities are included.

6 In this language the ie-prescription is forced upon us to avoid poles in the complex plane after analytic continuation
from Euclidean to Minkowskian space. This leads to Feynman’s propagator. Moreover, the determinant does not play a role
in the classical limit.
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2. Binding Potential

2.1. Static Sources

Let us consider first static point-like sources, e.g.

J(x) = Ji(x) + Jo(x) = ]\;d; m183(x — x1) + mod>(x — 2| (2.1)

with My a mass scale related to the strength of the coupling to ¢. For off-shell configurations we can

ignore the ie in the propagators altogether. Therefore, the expression in (1.8) becomes

wis = (fa) 3 [ ate'a' @@ | it e, (2.2

po PGP
From W{[J] we can identify the binding potential, V'[.J], via”
tout
WI[J] = — dt V[J], (2.3)
tin
for tout(in) — +00(—00). Hence, using
1 1
/ —e P , (2.4)
pP 4dr
we obtain ) )
mims mims
WlJ]| = dt - =— - 2.
V] (/ > 47TM£ r = VIl 47TM£ r’ (2:5)

with 7 = &1 —x2. We recognize in V[J] the ~Coulumb-like— binding energy for point-like sources interacting
via a massless scalar field. Apart from this term, we also find ‘self-energy’ contributions. These occur

from products of the sources at the same point,
1
/d3scd3y 5 (@ — 21 (1) Ar(@ — 1, )5 (y — 21 (1)) = Ap(0, 1) o / = (2.6)
p

Introducing a UV cutoff for the divergent integral, it is easy to show that its contribution can be absorbed
into the mass coupling(s) in (2.1). This is often referred as adding a ‘counter-term.” We may instead use
dimensional regularization (dim. reg.), which sets to zero scale-less integrals as the one above (provided
the IR singularities are properly handled [155]). In dim. reg. we can therefore completely ignore these

terms. We will discuss regularization in more detail later on in sec. 6.3 of part II .

2.2. Time-Dependent Sources

It is straightforward to generalize the previous results to the case of time-dependent sources,

Jta) =Y 5z - z,(t). (2.7)

a=1,2 My

7 Recall W[J] = S[¢,J], which then serves as an (effective) action. Moreover, the path integral is related to the
time-evolution operator, U = exp (—ifdt V), which we can also associate with the binding potential [155, 156].
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@
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Figure 1: The dashed line represents the static propagator, with po = 0. In the subsequent diagrams each cross
represents an insertion of a factor of pg/p?, see (2.8).

The difference is the time integrals, which no longer lead to §(pp) as in (2.2). However, we can still use
quasi-instantaneous interactions, provided the sources move slowly: |v,| = |&,| < 1. Hence, we may

expand the (off-shell) Green’s function in powers of pg/|p|,
1 1 P >
~—— ([ 1+=+.-- . 2.8
[ S ( p? (28)
This expansion is shown diagrammatically in Fig. 1. The leading term corresponds to

mims dt
W — 2.

as we just computed, and the first correction reads

2 7
W [J] = 072 [ g [P0 mivot=t) gip-(an-wa(t)) — T2 [ gy iy gy [ PP iprir)
(v?) pt M2 1 2
P,Po p

M? 3 p
(2.10)
such that )
Vi) = G frg IO (1(0) - 02(6) = (@1(0) - () (o2(0) - (1) ]
where we used
pipj —ipr 1 2 1]
/p p e P = v (r?6i; —r'r?). (2.11)

The higher order corrections are computed in a similar fashion. Notice that the Taylor series in (2.8) is
performed inside the integral. The validity of this expansion relies on the ‘method of regions,” which we

review in sec. 4.8

2.3. Non-Linearities

Once we add self-interactions the field equations become difficult to solve in closed analytic form, and
we must rely on perturbative techniques in a small coupling expansion or numerical methods. Here we

discuss the former, and for illustrative purposes we consider a cubic potential, V (¢) = A\p>.

8 Intuitively, when computing the binding energy we do not expect to hit singularities in the propagators, which —due to
unitarity— are related to on-shell modes and radiation.
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It turns out adding a cubic term into the action leads to IR divergences for a massless field, e.g. [118].
Nonetheless, we proceed to study this term and introduce regulators to tame the singular integrals. We will

assume A is small in a sense we will later specify. The field equations are
D*¢(x) = J(x) — 3\p? () . (2.12)
The idea is to solve for ¢; in powers of A, with the ansatz
6s(w) = 63~ (w) + 03(x) + -+ 07 (@) + - (2.13)
For simplicity, in what follows we assume static sources, as in (2.1). Then, at first order in A we have
0*¢}(@) = Ja(x), with Jy(x) = —3A (637°)° (). (2.14)
To solve for q% we use the Green’s function, obtaining
¢} (z) = 3iX / Byd>zd>w Ap(x — y)Ap(y — 2)Ar(y — w)J(2)J(w). (2.15)

For instance, we find contributions sourced from particle 1 (in Fourier space)

2 ik-:l‘:l 2 ik'ﬂ!l
N mi e 1 mi e
k) = -3\— coe= =3\ —— 2.16
Palk) MZ K /q(l<:+q)2q2+ ST (219)
where we used
JESE— 2
Pk a? Sk |

To compute Wy)[J] we plug ¢§ into the action. For example, we find
L xo2 a=0 Loy
- §¢Ja o5 — _§J¢Jv (2.18)
which together with the source term, and using (2.3), gives

m%mg

3
647T2M¢

V] = —% /d3mj(m)¢§(m) TS\ log (ur) +1 > 2--- (2.19)

Here p is introduced as an IR regulator, for instance a scalar mass. The logarithmic potential produces
a long-range force scaling as 1/r [118]. The procedure continues to all orders in A. Extending these

manipulations to the case of non-static sources proceeds as before, see Fig. 1.

Notice we will once again run into divergences. For instance, there is a contribution given by the cubic
potential evaluated on the unperturbed solution, )\( j\,zo)s. This produces a divergent integral, which

represents the self-energy in the scalar field produced by a point-like object,

m3 1 dr
¢

10
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Note in addition to the IR regulator we introduced a short-distance cutoff A=!. As we mentioned, the
dependence on the UV cutoff can be absorbed into the couplings of the theory, whereas the IR singularities
cancel out after all the long-distance effects are properly incorporated [118, 161]. (Alternatively, we can
use dim. reg., although in this case one needs to be careful regarding the appearance of IR poles, e.g.
[155].)

Before concluding let us add a few comments which may also help understand some features that
appear later on in the gravitational setting. The force which derives from the logarithmic potential in
(2.19) could be present in nature, as a fifth force. It can then be contrasted against the gravitational force

produced from the cubic coupling in Einstein’s theory (see sec. 7.2.2). For comparable masses, we have

FA¢73 Ams/(MSIT)

~ A\Mpr? 2.21
Forar ] (M)~ MM (2.21)

(after identifying M, — Mp;). This implies that in order to have a well defined perturbative expansion
in the scalar case, and also comply with precision tests in the solar system, we need A < 1/(Mpir?). This
turns out to be a rather tiny coupling, as it was argued in [118], suggesting (universal) non-derivatively
coupled scalar long-range interactions are highly constrained in nature. The main difference with the cubic
coupling in gravity is two extra derivatives, dictated by the equivalence principle. The derivatives help
remediate the IR singularities, while introducing a more prominent UV behavior. As we shall see, at the
same time this allows us to set up a well defined derivative expansion in powers of m/ (Mlglr), plus the
addition of counter-terms to absorb UV divergences. We elaborate on the regularization/renormalization

procedures in part II.

At this point it is clear that a diagrammatic approach would greatly simplify the account of all possible

terms contributing to W[J]. This requires the use of Wick’s theorem, which we introduce next.

2.4. Wick’s Theorem

A compact way to organize our computations is to use the path-integral approach, in which case the

main obstacle comes from integrals of the sort

Z[J] = /d$1 ce dil?n exp | — ZMA”% - A Z Bijkxixjxk + -+ Z Jll’i . (222)

1,7 ijk

While closed analytic expressions are not known, it is straightforward to develop a perturbative approach

to solve for Z[J]. Let us first look at a simple example [156]. Let us consider a d = 1 model, with
2[ TN = / dye= 3 AT (2.23)

which resembles (2.22). In what follows we drag the A-dependence explicitly for illustration purposes.

Let us start with just the source term. In this toy example the ‘propagator’ follows from expanding

11
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z[J, A = 0] to second order in J and evaluating at J = 0 (29 = z[J = 0, A = 0])

1 82z[J, A= 0] [dx a2 e~
2y _ & J —J " "7 gt 2.24
R (2.24)

The expressions for the higher moments can be easily obtained by further differentiating with respect to J,

d on _—%z2
<x%>:l;£2—;%;—:uf”@n—lw, (2.25)
Jdx e 2"

where (2n—1)!l = (2n—1) x (2n—3) x- - - x5x3x 1. To remember this we simply imagine 2n distinct points

connected in pairs [156]. Wick’s theorem is then represented as follows, say for the four-point function,

(x) = (z1202324) = (T120) (x324) + (T123) (Tos) + (2124) (T374)

1 1 1 1 1 1 1
- X -4 -X—-4+-xXx-=—4-1)x(4-3 2.26
CxX oo X oo x o =—(4-1)x(4-3), (2.26)

and each one of these terms is called a “Wick contraction’. In general we will have field variables evaluated
at different spacetime points, and each factor of 1/a is replaced by a propagator,
1 1 §Z[J,A=0)

(T {o(z1)d(z2)})r=0 = /D¢ d(x1)p(xo) 51070 = P20 3700000 @) |,y Ap(zy —x2), (2.27)

where (T {---}) stands for ‘time-ordering.”® We will use the notation (T {---}) throughout this review to
denote different Wick contractions. For the case of the two-point function, it is defined by the right-hand
side in (2.27), extended to all orders in the perturbation theory. The reader should keep in mind that, in
general, it is shorthand for products of Feynman propagators. These n-point functions will be our building

blocks for the perturbative expansion. For example,
(T{d(@1)d(x2)d(w3)P(x4) }),_ = / D¢ ¢(x1)§(x2)$(x3)d (1) €'5193=0 = (2.28)
Ap(x1 — x2)Ap(rs — 24) + Ap(x1 — 23)Ap(za — 24) + Ap(21 — 24)Ap (T2 — 24) .

Let us now return to the one-dimensional case and turn on the cubic interaction, Ax3. The trick is to

expand z[J, \] around the linear theory, that is

1 0™z J, A n
Z[J, )\] = Z E W o A ; (229)
and using (2.23), we have
1 n
AT AN =D a”((—x)?’ ) (JA=0) - (2.30)

9 In quantum mechanics the order matters, since operators in general do not commute if causally connected (in the
Heisenberg picture). This raises the question of which order to choose for Wick’s theorem. The time-ordered product,
defined as T {p(z1)p(z2)} = ¢(x1)d(x2)0(t1 — t2) + ¢(x2)Pp(x1)0(t2 — t1), is the correct answer. This is ultimately related
to the choice of ie-prescription and Feynman’s propagator. Let us emphasize, however, we do not need to invoke quantum
mechanics to write Wick’s theorem, since it is nothing but a consequence of computing moments of a Gaussian integral.
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We now expand in powers of the source. The final product reads:

nlz
A=Y L1 00l

EZT BTN Jl)\n _ Z(_1)nJl)‘n<m3n+l>(J:0,>\:O)~ (2.31)
l

A=0,J=0 il

n7

For the case of fields and in Minkowski space (that is putting the i’s back in), we have

2N =Y <_2)n % / By dha (@) - () x (2.32)
n,l

(r{ oton)oton ([ dndtn) - [ amen) }>(J_O’A_0) .

To compute each one of these moments of a Gaussian integral we make intensive use of Wick’s theorem.

We introduce the Feynman rules next.

2.5. Feynman Diagrams and Rules

We are now in a position to develop a full fledged diagrammatic approach. As in Fig. 1, we use dashed
lines to represent the static propagator. We notice that propagators are either integrated against sources
or contracted with each leg of the A¢? self-interaction. We also have an overall spacetime integral which

guarantees momentum is conserved at each vertex. The Feynman rules are summarized below in Fig. 2

J

i, M [ dt ePxe(t)

2 AN
®U ‘ *
. .
. .

(5(t1 — tz) — 5(751 — tg) i S

P O

d
dtidts
Figure 2: Feynman rules. The solid line represent point-like external sources which do not propagate. It is depicted
in this fashion for historical reasons, e.g. [3].

e Propagator: Include a factor of ;—56 (t1 —t2) for each dashed line connecting two points in the diagram.

e Non-instantaneity: Replace the factor of §(t; —t2) by #thé(tl —t5) for one of the (two) propagator(s)

connected by a cross.

* Point-like sources: Include a factor of i35, _; 5 7 [dt eP=® oriy v Jdt 6(x—x,(t)) in

coordinate space, for each propagator ending in a source.

i=

e Vertez: Include a factor of —i\ [ dt 63 (lei’ pk> for each ¢3-vertex. This guarantees conservation

of momenta, with p; incoming.

At this point one may ask: What are the diagrams needed to compute Z[J], and which for W[J]?

Moreover, what type of diagrams contribute in the classical limit?

As we show next, these questions turn out to be related.

13
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2.6. Tree-level and Connected

Let us return to the linear theory for which we know the exact result. Let us start considering the
case of static sources. Then, only one-scalar diagrams are needed and, furthermore, it is straightforward

to show the sum exponentiates,

ZU= o4 d i+ i ee=e| |
with )
WJ] = —ilog Z[J] = 3 </ dt> /d3a:d3y J(z) (iAp(z —y)) J(y) . (2.33)

Recall the solid lines represent external sources which do not propagate. Therefore the computation of
Z|J] is simply a combinatorial problem. In a theory without self-interactions, W[.J] is thus given solely in
terms of the one-scalar exchange. This is also what we found in sec. 2.1 in the static limit. Furthermore, it
is evident that adding non-instantaneous corrections does not modify this result. The expression for W[J]
is given in (1.8). Then, we conclude that while a series of diagrams enter in Z[J], only tree-level connected
diagrams contribute to W/[J]. In our context, a ‘connected’ diagram cannot be split into pieces if we cut
off the source ‘worldines.” On the other hand, ‘tree-level’ means there are no diagrams with closed ‘loops’

after the worldlines are removed. (The loops are responsible for quantum effects.)

In the linear theory these statements are easy to show, since only one-scalar exchanges contribute to
Z[J] when A = 0. However, this turns out to be true also after switching on self-interactions [156]. Hence,
in layman terms, to compute W[J] all we need is the sum of tree-level connected diagrams. As an example,
let us calculate W[J] to order O(X) for static configurations. This results from the three-scalar vertex

coupled to three sources,

2
. Amimg

W,\[J]Z (3 QM(‘;’

/dtldtgdtgdtydgy <T{ ¢(t1,w1)¢(t2,332)¢(t3,331)¢3(ty,y)}> , (2.34)

plus mirror image. Some of the Wick contractions produce divergences which are removed by counter-

terms, and we obtain

)\m2m2 eik»(mlfmg) )\m2m2 eik»(mlfmg)
VilJ] = 353 / = L / +1¢2. (2.35)
2M3 Jiq 4*K*(q + k)2 16M7 Ji  |K[?
This result agrees with (2.19).
2.7. Eikonal Approximation
The relation between Z[J] and WJ] (inserting & for illustrative purposes)
o G
_ A
ZN=> — : (2.36)
14
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entails a series of terms which build up the exponential in (1.4). In the classical limit we expect this sum
to involve a large number of terms. Indeed, from (1.2) and using Stirling’s approximation, e’¥ ~ %ﬁl/z

for N > 1, we notice Z[J] is dominated by [162, 163]
n~N=S[p;]/h>1. (2.37)

We may then interpret the series of N one-scalar exchanges as building blocks for the classical field,
¢y(t,x). While the typical momentum exchanged on each kick is of order |g| ~ %, the total momentum

transferred due to the force induced by the binding potential is much (much) bigger,

h lal _h
Ap~ N— ~ - —— ~ =<1 2.38
D o= mv apl T <1, (2.38)
with L = mor the angular momentum. Consequently,
S[¢J]:/Apdw:L>> h. (2.39)

Therefore, in our effective theory macroscopical objects may be treated as ‘non-propagating’ sources [3].
This is tantamount of working in the so called eikonal approzimation. In this approximation the full

propagator for a particle described by a field, e.g. a heavy fermion of mass m,, is expanded as

i i b 1
pm¢+ie_v~p+ie<1+2>+0(mw)’ (2:40)

where p = ~,p*, with v, the Dirac matrices and (1 + g) is a positive-energy projector, e.g. [156].

In coordinate space, and using

0(z) = - / P (2.41)

“or t+ie’

for a representation of the step-function, the propagator in the rest frame of the particle takes the form

Ax(zx —vy) = eip'(w*y)/ G e~ @ =y") — 535 _ 4)0(2° — ). 2.42
se-= [ e (2~ )0 ~ ) (2.2

The function Z[J] then follows by computing a series of ladder (and ‘crossed ladder’) diagrams,

Z[J] =

R Lt

+
+
+

(2.43)
were the external sources are now replaced by a ‘propagating’ field, given by (2.42). Notice that since the

field now ‘propagates’ (described by the arrow on the solid line), we have to include the required crossed

ladder diagrams, which are not present for non-propagating sources.
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It is now easy to show that the heavy fermion line(s) behave like
8 (x —y)f(a” —y°) + 8 (y — 2)0(y" — 2°) = 8°(z —y) x L. (2.44)

Therefore, the particle effectively serves as a localized source which remains unaltered by the interaction
with field modes of very soft momenta. In this respect our EFT approach [3] shares common ground with
effective theories for heavy quarks in QCD, e.g. HQET [9-11]. However, while in HQET quantum effects
are important, and parameterized in powers of 1/m,,, in NRGR we never depart from the classical regime.
Let us do some numerology. For solar-mass black holes with typical velocities of a percent of the speed of
light, v ~ 0.01, and of the order of hundreds of Km'’s apart (also known as the LIGO band), we have

L = (10°°Kg) x (10°m) x (10°m/s) ~ 10" Kg m?/s — % ~100P << 1 (2.45)

There is one more point worth mentioning. In various gravitational scenarios, e.g. scattering processes, it
is often the case perturbative solutions are sought for in powers of the center-of-mass energy over Planck’s
mass, E/Mpy, e.g. [164, 165]. For astrophysical objects, however, we have E ~ m > Mp;. Therefore
this is not a useful parameter in the classical realm. In the PN expansion, we find that each term in the

effective action is indeed rather large, of order Lv™, but otherwise organized in powers of v.

3. Radiated Power Loss

For the computation of the binding potential the choice of boundary conditions is innocuous. That is
the case because we work with quasi-instantaneous modes, for which pg < |p|. However, once we allow
the particles to move, they will accelerate under the influence of the binding forces. Hence, they will lose
energy via (scalar) radiation. When the scalar field can be emitted on-shell, pZ = p?, the ie-prescription
becomes important. This is particularly relevant if we want to derive the value of the scalar field in the
radiation zone, for which we ought to impose —causality preserving— ‘retarded’” boundary conditions, in
contrast to the Feynman propagator we have advocated thus far. However, Feynman’s prescription —which
follows from the path integral- encodes information about the total radiated power, through the optical
theorem. We review here both the computation using retarded boundary conditions and the equivalent

procedure using Feynman’s propagator. We start with the standard approach.

3.1. Retarded Boundary Conditions

The retarded propagator is given by,

Aver(r —y) = / / i 2 e~ (@ =y") gip-(@=y) (3.1)
p/po (Po +i€)” — p?

Notice, unlike the Feynman propagator, we only have poles in the lower-half complex-plane thus enforcing

the required causal condition. In coordinate space we find

iApet(x —y) = %0(1‘0 — )8 ((z — y)(x — Y)p) - (3.2)
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It is easy to see that, for point-like sources, the solution to (1.6) with retarded boundary conditions

takes the usual form (i.e. the Lienard-Weichert potential)

.’EO

HOEDIFE |

_ ' —t—|r—x
dt |m—ma(t)|5( t—| a<t)|) (3.3)

Mg 1
a ZZ dm M, {Iw—wa(t) —va(t)-(w—wa(t))}ret’

where ‘ret’ stands for the replacement t = 2% — R(¢ ) with R(t) — x4(t). Using Noether’s theorem we

can then compute the momentum density, P;(z) = 0;¢(x )80¢(:c) From (3.3), we have

e R— v, R Ve - R—v, R+ v?
t Z 47rM 2 2+ » 2 )2 ’ (3-4)
=12 s | R2(1—v, - R) (1-v,-R) R?(1 —v,- R) ot
o R—v, R+ v2
ret Ma a _ a 3.5
Dot Z =Y l R(—v R | (35)

In principle the system is simple enough we can obtain an exact result. However, for the sake of comparison,
we will assume |v| < 1 and expand in small velocities. Needless to say, we are just after Larmor’s formula

for scalar radiation. At leading order in the non-relativistic limit we have (for the radiative part)

i R
R 81 ret a ret __ Mg Tq ) 3.6
a2 azz ArMy | R? | 30
Hence, we obtain for the total radiated power loss,
dPro 1 . ~ .o~
= —r Zmamb (wa . R) (wb . R) , (3.7)
ds) 167r2M¢ o

. . . (m1 + m2)2 2
Pro = 127TM2 << Z mawa> Z mpdy > = 127TM§ acm> . (3.8)

a=1,2 b=1,2

2. Optical Theorem

The Feynman propagator in coordinate space is given by,

. 1 1
iAp(x —y) = —i @ @y (e — g tie’ (3.9)

Notice it has support outside the light-cone. However, using

T+ 1€

Im{ L } = —mé(z), (3.10)

we find .
ReilAp(z —y) = —0((z —y)"(z = y)u) , (3.11)

which does propagate along the light-cone, but includes (half of ) both retarded and advanced contributions.
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Nevertheless, Feynman’s prescription turns out to be the correct choice, also dictated by the path
integral, as long as we concentrate on certain observables. In particular those which do not require explicit
knowledge of the radiation field, such as the total radiated power loss. This is due to the type of boundary
conditions we impose for computing W[J], namely ‘in-out’ vacuum to vacuum amplitudes. These are time
symmetric, and therefore we do not allow for outgoing radiation! However, the power loss is encoded in

(the imaginary part of) W[J] through the optical theorem, as we discuss in what follows.

Let us first split the effective action in terms of the real and imaginary part,

Z[J] = W _y g it de Re BT o o= Jioet dt tm B (3.12)

with #i,out) (infinitely) long times. Then, Re &/ [J] accounts for the binding energy we studied before, i.e.
Re E[J] = K[J] — V[J], including in principle also a kinetic term. Whereas the imaginary part gives,

L W] = (m B — T B0 (3.13)
™ - 2 | dEdQ ’ ‘

for tous — tin = 1T — oo, with dI" the differential rate of radiation or ‘decay width.” Multiplying by the

energy of the emitted (massless) scalars, and integrating over energy and solid angle, we have

a2
pP= /dP— /EdF = /EdedQ. (3.14)

Here is where the ie-prescription turns out to be crucial, since we need to take the scalar field ‘on-shell.’

It is useful to introduce a mixed Fourier space representation, where
. 1 .
J(t,p) = /dga:J(t,a:)e_’p'm = M, Zmae_”"m“(t) . (3.15)
a

Hence, from the expression in (1.8) and using (3.10), we find

1 1 ey
W] = 5 [t [ Gl b+ 0l + o) ORI ) (316)
po,p

1 ) /
= dtdt’ / —J(t,p)J t',—p etlpl(t—t )’
/ P 2|p| ( ) ( )

such that both retarded and advanced (positive and negative energy) contributions add up. From here,

and using (3.13), we get for the total radiated power

2

d*p 1 |p|? ‘ ,
— dta a 1‘p‘ta _'lp‘wa(ta) 317
dipldQ ~ T 167302 GEQ/ Ma€ e (3:.17)
We can then expand in powers of p - &, ~ v, obtaining a series of terms
1 1 1 ’
P = T/ m Z /dtamaei‘plt“ (1 +p-xa(ta) + 2(p'33a(ta))2+"') = Poy+Pay+---.
p a=1,2
(3.18)
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The first one, P, vanishes. The next term reads

Pay = / BYYEl Z/dtadtbmambeilp‘(t“_tb)pipjzcé(tb)zcg(ta) (3.19)
® ab
- 1/ Lo [ S mallpl) | [ S ma(—lpl)
T 2M2 b=1,2 ’ a=1,2 "

Performing the angular integral we get,

1 d|p| ~i
P(l) = 127TM2 T_/ P | | Z mbwb(‘p| (Z meT \P| ) (320)

b=1,2 a=1,2

127TM2 < > mads(t) | - <Z maaéa(t)>> .

b=1,2 a=1,2

in complete agreement with (3.30).

Intuitively, we may think of the optical theorem as follows. For in-out boundary conditions, we have
a system emitting radiation which is later absorbed. The process is then ‘cut’ —compute (twice) the

imaginary part— which may be represented as sending the radiation ‘backwards’ in time,

K ooy

/

(The double line are the non-propagating constituents of the source, separated by a distance much shorter

than the scale of radiation.) Feynman’s prescription is thus the backbone of the optical theorem.'® (The
procedure is more subtle if we attempt to account for the radiation-reaction effects on the dynamics due

to the emitted radiation, aka the self-force. See part II.)

Notice the expression in (3.16), and (3.17), has the form of the square of an on-shell amplitude [116]

iA(po = |p|,p) = Z Ma /dt eilPlta g —ipaa(ta) (3.21)
a= 12
1 2
P g [ gpelar. (32)

The factor of (2|p|)~! is part of the ‘phase space’ for a massless scalar [156]. We will use this expression

later on to compute the radiated power for the binary system.

10 While the optical theorem and unitarity are key ingredients in quantum mechanics, Feynman’s propagator can be
introduced without evidence of a quantum world. (Feynman himself was originally inspired by particles moving forward and
backwards in time [166].) We could indeed picture a 190 physicist formulating the optical theorem in a classical setting,
introducing an ie-prescription without reference to anti-particles.
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3.8. Multipole Expansion

The result in (3.17) is exact, however, we will not be able to produce a similar analytic answer once
we add self-interactions as are present in gravity. We ought to develop a perturbative approach to the
radiation problem, and the key idea is the multipole expansion. As in electromagnetism, if the particles’
positions and velocities do not vary too rapidly, we have a typical wavelength of the radiation given by
Arad ~ T/v > r. Then, we can treat the combined system as a single localized source endowed with a

series of time-dependent multipole moments, with an effective action
1 ) 1 .
Sg?fd = M(;S /dt (J(O)(t)¢(tvwcm) + J(Zl)(t)&-(j)(t, Tem) + §J(;)(t)aiaj¢(tvwcm) + - ) ) (3.23)

where @, is the center-of-mass of the bound state. (The overall factor of 1/My is inserted for convenience.)
To compute the time-dependent couplings, ‘](171%)2 (t), we need to develop a matching procedure. This is

achieved by inserting the multipole expansion,
. 1 . .
¢(t7 w) = ¢(t7 wcm) + ((B - wcm)zai(b(tv xcm) + g(w - wcm)z(m - mcm)]aiaj¢(t7 wcm) + R (324)

into the J¢ interaction in the original action. Let us choose ., = 0 for simplicity, then

/dtd3w J(t, z)p(t,x) — /dt { (/ dx J(tm:)) B(t,0) + </ dx J(t,w):ﬁ) ai(;s(t,o)} +-. (3.25)

We can now read off the multipole moments term by term,

Ji

R R (320

Notice that in mixed Fourier space we have

J(t, k) = /d?’me*’kmjt )= Z n' </d3a: J(t,:c)wi...:cin) [ L (3.27)

n

and we can identify the coefficients in this expansion with the J;. (n) _(t) factors in (3.26) [28]. For example,
J(O) = mi + Mma; J(l) = my1x1 + mox2; etc. (328)

The total radiated power loss now follows as before. For instance, the dipole term contributes to the

gravitational amplitude as

1
iAmy(p) =i—p-J(t), (3.29)
m ) =igrp-Ja)
such that the power reads, in agreement with (3.8),
11 . 1 . .
P(l)TW</ ij(l)() (1)()>127TM(§<J(1)’J(1)> (3.30)
- & > mia (1) (t)
127 M2 e Maa
b=1,2 a=1,2
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The procedure continues to all orders. To organize the computations it is useful to decompose the multi-
poles into irreducible symmetric-trace-free (STF) parts [167, 168]
k=[n/2]

I nl(2n — 4k + D! o e imkatein )iyl El
e = gliniz | gion—vion gizk41in)lilyLily
! 2 (n — 2k)!(2n — 2k + 1)11(2k)!! Jstr ;

(3.31)
k=1

with [n/2] the largest integer < n/2. (Notice some of the indices on the right-hand side are traced over,
such that the STF condition applies to the free indices.) We then plug the above expression into (3.23) and
use the wave equation to replace 87¢ — 93¢, which we then integrate by parts to produce time derivatives

of the multipole moments. At the end we obtain [29]

1 1
rad _ & 1oL
it = 57, 2 [ drg T o0, (3.52)
with L = (i1 ---i¢), and
(2¢+ 1) - o
=2 @0+ 2k + DR /d 05" J (1 ) x| g (3.33)

k

Using this general expression we can compute the flux to all orders. Generalizing the result in (3.29),

iAw (p) = i (_NijL (3.34)
® M, ! ’

the total radiated power loss becomes

. 1 1 d€+1jL(t) 2
= 471-M§ ; 2204+ )N <( A+ ) > . (3.35)

We return to these manipulations in more detail in section 7.3 of part II.

4. Method of Regions

So far we have separated the computations of the binding potential and radiated power. Even though
we may compute the conservative dynamics ignoring the radiation field (up until we incorporate back-
reaction effects), once non-linearities are turned on the radiation modes will inevitably couple to the

gravitational potentials which hold the binary together. This takes us to the ‘method of regions’ [155].

For slowly moving objects, v < 1, the wavelength of the radiation is much longer than their separation,
Arad ~ /v > r. In such scenario we can split the interaction into different field modes, each one repre-
senting the dynamics of potential forces and radiation effects, separately. For this purpose we decompose
the scalar field into —non-overlapping— regions. We have a short-distance component, or potential region,

and also a long-distance radiation mode. In total, we write the scalar field as

o(t, ) = (t, @) + o(t, x) , (4.1)
potential  radiation
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with each term scaling as follows:
v 1 - v -
aoq)(tv iB) ~ ; (I)(tv :13), aiq)(tv :E) ~ ; q)(tv :E) ) a#d)(ta CB) ~ ; ¢(tv iB) : (42)

For a static source we only find potential modes, which do not have a temporal component, and simply
|p| ~ 1/r. Departures from instantaneity are then parameterized in powers of py ~ v/r < 1/r for slowly
moving sources. On the other hand, the radiation mode is on-shell, with typical momentum of order
(po, |p|) ~ (v/r,v/r). The latter are the only modes that can appear as asymptotic states in the EFT,
whereas the potential modes must be solved for, or in the jargon of particle physics: integrated out. For the
case of a linear theory these two regions decouple, in which case the splitting is trivial and we may compute
the binding energy and power emitted separately. In general we have ‘mode-coupling’ and the method of

regions allows us to isolate the conservative and dissipative contributions to the effective action. !

It is important to distinguish different type of non-linearities induced by short-distance potential modes
coupled to the radiation. In our toy model we can have for instance a non-linear interaction of the form
d2¢p, but also ¢>®. The first contributes directly to the source multipole moments, whereas the latter is
responsible for the scattering off the potential induced by the binary itself. > As an example, let us study
the contribution from the ®2¢ coupling to the source multipoles. At linear order in A the total source
becomes

Taelts@) = Jyp(t,@) = 34 (@)20(1, m))Q 7 (4.3)

where Jp, (¢, ) is the ‘point-particle’ contribution, given by the localized point-like expressions we have

used thus far in the linear theory, e.g. (2.7), and

A=0 - 1 mq mao
Vi (0 2) = (g, )2 (|:c e R w2<t>|> ' (44

After performing a partial Fourier transform we face two type of contributions, shown in Fig. 3. Let us

concentrate first on the square of each individual term,

e—iqml(t) eiq'wl(t) m% e—ik:-:cl(t)

= —3)\——
@ (k+gq)° 8MZ  |K|

2
The s (t. k) = =3\ L mtko / (4.5)
q

src,3 2

M¢

Notice that this expression diverges in the long-wavelength limit, & — 0, and therefore does not admit
a multipole expansion. However, this contribution is unphysical since it is associated with a divergent
self-energy term. (This is again a signal of the IR divergences that plague our toy model.) Indeed, we

already encountered a similar term in (2.16). The main difference is the regions involved.

11 Let us stress an important point. As we discussed in sec. 3.1, to solve for the radiation field sourced by J(x), (;_$J(m), we
need to impose the correct (retarded) boundary conditions. In a more technical sense, what we need is to use the so called
‘in-in’ formalism [169, 170], where (in practice) Ag(z) will be ultimately replaced by Aret(x) [31, 117, 171-173]. However, as
a mathematical procedure, the choice of boundary conditions is innocuous to read off the relevant multipole moments which
contribute to radiation. The in-in formalism will play a key role to incorporate back-reaction effects. See part II.

12 This is the so called ‘tail effect,’ e.g. [174-179], which leads to the introduction of radiative multipoles. See sec. 7.4 for

more details. Moreover, we also find self-interactions of the radiation field. These produce a ‘memory effect,” which we will
not cover in this review, see e.g. [176, 180-182].
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(a) (b)

Figure 3: Feynman diagrams representing the contributions in (4.5) (left) and (4.8) (right). The wavy line is the
radiation field.

Previously, the typical |k| was given by 1/r, which is the scale associated with the (off-shell) binding
force. In (4.5), on the other hand, the momentum of the external leg is now on-shell and soft(er). We in-
corporate these contributions by expanding the Green’s function in k, prior to performing the integral.
In other words, we not only multipole expand the coupling between the radiation field and the point-like

sources, we must also expand the propagators [183], namely

L _ ! _ L (1okay (4.6)
(q+k)? q*+2k-qg+k> ¢ q? ' '

After implementing the multipole expansion each term scales homogeneously in the expansion parameter,
and at the same time we are guaranteed the integrals that contribute to the expansion in k of (4.5) vanish,

upon using dim. reg. [183]. Hence, the diagram in Fig 3(a) can be consistently set to zero altogether.

After Fig 3(a) is discarded, we end up with the contribution from Fig 3(b),

‘]);c,B(b) (tv k) = —6A

S

) ig- (@1 () —@2(t))
s i | o
q

Mg *(k+q)?

which contrary to the previous one has a well defined expansion for |k| < |q|,

—iq- (@1 (t)—x2(t)) k.
‘]s)]‘m?)(b)(yj7 k;) — —6)\m1m2 ((1 ik ml)/ e T T 2/ qu—zq-(m(t)—mz(t))) + O(k:Q) )
q q

M q* q
(4.8)
From here, and using (3.27), we obtain
A _ mimsz ( A ) . mims
=3\ t J =3\ t . 4.
(Toeaw) o) = P r Ol (Bheaw) ) = B @l +o2) (4.9)

It is instructive to re-derive these results directly from Wick’s theorem at the level of the path-integral.

The task is to compute the one-point function integrating out the potential modes,
bt @) = / D¢ ¢(t, ) exp [iSfree[qi)] +i / Jppqs} (4.10)

X /D<I> exp [iSfree[cb] +z‘/{Jpp<I> — Mo+ @)3}} .
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At leading order in A we have

_ 33 o P _
@) (tx) = AQ% / dt,dy / D eSmeel?l (¢ x)p(t,, y) { / dt' e’ dt" d*a" Jo, (', ') Jop (8, ") X

X /Dq) D?(ty,y)(t', ') (t", ") eisfme{@]} ,
and plugging in the (point-like) source term, we get

B te) =1 [ didydr(t— ty,m— y) Il w).

with
mi1mso
']s);"c( yvy) = 6A nga

/dtldtQAF(ty — tl, Yy — :E1(t1))AF(ty — tQ,y — xg(tg)) .

After regularizing away pure divergences, we find

i (@1 (t)—@2 (1))
m1m2 —zkm (t) (@
JA (k) = —6A——n 1
arc (k) / / g k) 4+

for static sources. This is the same result we obtained in (4.7).

5. Summary of Part I

(4.11)

(4.12)

(4.13)

(4.14)

The basic ingredients of the EFT approach to compute (scalar) emission for classical binary systems

can be summarized as follows:

e Decompose the field into potential and radiation regions coupled to point-like sources.

e Compute ReW[J] by integrating out the potential modes ignoring radiation. Departures from

instantaneity are incorporated by expanding the propagators. The particles’ equations of motion

follow from the binding potential (after including a kinetic energy). Discard scale-less divergent

integrals.

e The long-wavelength radiation theory takes the form of a multipole expansion. Read off the multipole

moments by expanding the coupling to the (point-like) sources and integrating out the potential

modes

e Compute the energy loss by integrating out the radiation modes using the optical theorem, relating

Im W[J] to the total radiated power. The latter is given in terms of (squares of) derivatives of the

STF multipole moments.

e Use the equations of motion to compute the time variation of the multipoles, thus obtaining the

total power loss in terms of the dynamics of the constituents of the binary system.

e Proceed systematically in powers of the self-coupling (A) and velocity (v) to all orders.
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Part 11

The Bird’s Eye View on the Binary Inspiral
Problem

We now apply the ideas we developed in part I to the binary inspiral problem. In general relativity we
will find a few extra ingredients for the construction of an EFT framework. In particular, the non-linear
interaction between potential and radiation modes, and the existence of renormalization group trajectories
for the (Wilson) coefficients of the EFT. Moreover, black holes and neutron stars in binary systems may
be rapidly rotating, which requires introducing the concept of spin. As we shall see, the EFT formalism
is sufficiently rich to incorporate all of these aspects of the two-body problem in gravity. We start out our

journey identifying the hierarchy of scales.

One Scale at a Time
The dynamics of the binary problem can be separated into different parts [184]:

e The internal zone: This is the scale of finite size effects. For compact neutron stars or black holes

we have ry ~ 2G ym.

e The near (or potential) zone: The intermediate region is the orbit scale, r, given by the typical

separation between the constituents of the binary.

e The far (or radiation) zone: This is the scale of gravitational waves, emitted with typical wavelength

Arad ~ 1/v. For the radiation problem, the orbit scale becomes also part of the internal zone.

For the case of Post-Newtonian sources we have v < 1, and therefore there is hierarchy of scales,
MLt <t (5.1)

Here is where the EFT machinery comes to play, since EFTs are tailor made to naturally handle several

scales in a tower-like fashion. As we discuss in detail, we proceed in steps:

e Parameterizing our ignorance. Before we set course we must deal with degrees of freedom at the
scale r;. The basic idea is the inclusion of new terms in the point-particle action —beyond minimal
coupling— to account for finite size effects. In gravity, extended objects have a very rich structure,
which includes tidal as well as dissipative effects. For probes that vary on distances of order |k|~1,

the incidence of finite size effects enters in powers of |k|r.

e Conservative dynamics. At the orbit scale we have (off-shell) potential modes. In the small velocity
approximation we treat the interaction as ‘instantaneous,” and time derivatives as a perturbation.
We obtain the equations of motion from the binding potential energy. The potential modes, varying
on a scale |k| ~ 1/r, are the probes for the internal structure of the bodies. Hence, the finite size

effects for compact objects scale as powers of r¢/r ~ v?, from the virial theorem.
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e Radiated power. At the scale of radiation the binary can be treated as a point-like source endowed
with a series of (£ > 2) multipole moments, (I”, J), scaling as I” ~ Mr*. The expansion parameter
is given by |k|r, with |k|~ ~ Aaq. The change in the (averaged) binding mass/energy of the system,
and the gravitational wave amplitude, are obtained in terms of derivatives of these multipoles as a

function of the dynamical variables of the constituents (like positions, velocities and spins).

o Hereditary effects. The interaction of the emitted gravitational wave with the static potential, sourced
by the binary as a whole, produces the tail effect (or scattering off the geometry). The tails contribute
to the radiated power loss and are responsible for the renormalization group evolution in the effective
theory. There is also a memory effect, where time-dependent contributions arise from non-linear self-

interactions in the radiation field.

e Radiation-reaction. The emission of gravitational waves back-reacts on the motion of the binary
system, producing the so called radiation-reaction force. The non-linear couplings involved in the
study of back-reaction effects entail a subtle interplay between different regions, featuring both con-
servative and dissipation contributions. These can be incorporated in the EFT framework (extended

to the in-in formalism) by using appropriated (causal) retarded Green’s functions.

Interferometers, such as Advanced LIGO [34, 35, 47], are particularly sensitive to the phase of the
signal,

o(t) ~ / at (1), (5.2)

with Q(t) the frequency of a circular orbit (corresponding to half the frequency of the gravitational wave). 13

This can be computed using the adiabatic approximation. The energy balance equation (E} = — P, where
P is the integrated power loss, then allows us to solve for Q(¢). Using this information we can construct
restricted waveforms which are accurate to a given PN order in the phase, but at leading order in the
amplitude. To compute the gravitational waveform we solve the instantaneous values of the metric field

in terms of the multipole moments. Having the amplitude corrections leads to fully accurate templates.

At each step we work systematically order by order in the ratio of scales using the power counting rules
of the EFT. As we shall see, in principle there is no formal obstacle to calculating to any order beyond
the Newtonian approximation. In the EFT approach we map complex integrals into the computation of
Feynman diagrams, use textbook regularization tools, and naturally handle spin degrees of freedom at the
level of the action. These techniques allow for a very natural systematization and (physical) visualization
of the computation that can be automatized almost entirely using Mathematica code. ' In the ensuing
sections we will sharpen the distinction between the relevant physical regions, elaborate on the necessary

steps to construct the effective description at each scale, and perform some pedagogical computations.

13 For earth-based detectors, there is a (seismic) low-frequency cutoff. Therefore, interferometers such as Advanced
LIGO (34, 35, 47], are only sensitive to the last few minutes of the inspiral/merger/ring-down phases. Hence, also due to
gravitational wave emission, the orbit has circularized by the time the signal enters the detector’s band, e.g. [49, 60].

14 http://feyncalc.org/
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6. Worldline Effective Theory

We start by reviewing the effective approach to describe gravitationally interacting extended objects
in gravity. As we shall see, the appearance of UV divergences is directly linked to the use of point-like

sources, and are naturally handled in the EFT framework through counter-terms and renormalization.

6.1. Point-like Sources

Say we are interested in the (static) gravitational field produced by an isolated compact object, for
simplicity, a non-rotating black hole of mass m. We solve for the metric, g,,, using the Einstein-Hilbert

action,

SEn = —QMI%I/\/g(x)R(m)d‘lx. (6.1)

Of course, we find the Schwarzschild(-Droste) solution after some appropriate coordinate (gauge) choice [185,
186]. In most cases of interest, however, a close analytic answer may not be feasible. We must therefore
set up a perturbative scheme (or resort to numerical methods). We then start by splitting the metric
field as

h
T 6.2
n# MPI ( )
Hence, inserting (6.2) into (6.1) we have (schematically)
1
Sgr = / ho*h + ——hhdoh + - - -, (6.3)
Mp

such that we get an equation for h,, which we may solve iteratively in powers of ry/r < 1. This is often
referred as the Post-Minkowskian expansion, e.g. [187]. Since we restrict ourselves to values of r greater
than 7, there is yet an important missing ingredient. Namely, we need to incorporate the imprint of
degrees of freedom at r < rg as a matching/boundary condition. Moreover, in our worldline description
we take the limit 74 — 0. In the effective theory the black hole will be thus described by a localized source,

with
1

 2Mp

m
2Mpy

/d4m T (@) hyw () — — /dt hoo(t,0) + -+, (6.4)

as an extra term added to the action in (6.1). Here, the TLY is the stress-energy tensor for a ‘point-particle,’

e utu? 54 —a(0)
T / o) +oee (6.5)

For the purpose of computing the metric for an isolated object, the linearized expression in (6.4) (evaluated

given by

at the origin and at rest) is sufficient.

As it is well known, distributional sources are problematic in general relativity [188] (recall black holes
are Ricci-flat solutions [186]). The point-like approximation leads to divergences due to the non-linear
structure of the field equations. As we shall see, these will be removed by counter-terms proportional to
higher order derivatives of the metric, encoded in the ellipsis in (6.5). At the same time, these extra terms
incorporate finite size effects for extended objects. Due to Birkhofl’s theorem, the new coefficients (and
non-linear worldline couplings) do not contribute to the computation of the —classical— one-point function

(for non-rotating bodies). Therefore, we postpone their appearance until sec. 6.5.
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Einstein’s theory enjoys a coordinate invariance (in a flat background)
=+ (x), hy = huw +en+e,. (6.6)
This will be handled by a ‘gauge fixing’ term. For example, the harmonic gauge, I';, = 0, with
Dy = uh — 30,05 (6.7)
At the level of the action (and path integral), we add
Scr = / d*z T,T". (6.8)

This allows us to find a unique solution to the (Feynman) propagator

AF afur = Fapuv AF(t - tlv T — (13/) y (69)
where )
Pa,@;u/ = 5 (naunuﬁ + NowMus — naﬁnuu) . (6'10)

With these tools we can simply derive, for instance, the Newtonian potential, Vjy. At linear order in Gy,

for a static source described by (6.4), we get

Py —im L inet! i el(pot—p-) 2GNm
(t,z) =P, 007/(%6 *Po ————— = — (200N — M) ———— . (6.11)
Mg, T 2ME, P,po Py — p? +ie e M

Notice the dt’ integral removed the dependence on py. That is the reason the ie-prescription plays no role for
(quasi-) instantaneous computations. The expression in (6.11) reproduces the familiar result, goo = 142V,

at leading order in G. Since we work in harmonic coordinates we also have g;; = —6;;(1 — 2Vy).

6.2. Non-Linearities

At higher orders in Gy we encounter non-linearities from the Einstein-Hilbert action as well as from the
coupling to the source. The worldline non-linearities (see (6.5)) will be important later on for the binary
problem. However, they do not contribute (at the classical level) to the metric of an isolated object, and the
expression in (6.4) suffices (see Fig 4). Unlike the scalar case, the non-linear self-interactions in Einstein’s
theory involve derivatives, see (6.3), which add extra factors of k% to the vertices. This ameliorates the IR
divergences we found before, but exacerbates the UV problem. As we shall see, UV poles will be absorbed

into counter-terms. This is the starting point for the construction of the effective action in sec. 6.5.

A convenient way to incorporate gravitational non-linearities is to introduce the pseudo stress-energy

tensor, T2 (x), via
Py
Mpy

i i
- PII(X
2MZ T k2

(ko k) = TP (ko k), (6.12)

which we may compute to all orders in G. At leading order we have, see (6.5),
Toy (ko, k) = m(2m)d(ko)e™ *®Muku” | ete. (6.13)
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To obtain the n-th order contribution, ’72‘;[; , it is convenient to work with the background field method [189—

191]. We first proceed to split the metric perturbation into two components,

h/u/ = Huu + Huz/ 3 (614)

—~ —~—
background  perturbation

and then integrate out H,, in a non-trivial background.'® The main difference is the gauge fixing term,

which is promoted from (6.7) to

H) H a H «
ri=vmpe - vim

(2]

1
_Z 6.15
; (6.15)
with V(*) the covariant derivative compatible with the ‘H,, metric, that is then used to raise and lower
indices. We must also re-write the volume factor in (6.8) in terms of the background metric. In this

manner we ensure that the resulting path integral

it lte) = o=ty J T (@M (@) / DH,, exp [iSen My + Hyu (6.16)

(. { y

+ S [Hyw] — Mo /T#p () Huw ()

remains invariant under (6.6), applied to H,,. In this fashion we are guaranteed the associated current,
TH¥(z), obeys the Ward identity

TP (2) =0. (6.17)

This is nothing but the well-known conservation of the (pseudo) stress-energy tensor, including the self-
energy in the gravitational field [192]. For example, the O(G%) contribution can be straightforwardly
computed, see Fig. 4(a). The result reads [3]

2
af — m _ af1.2 _ po.B 2 a3 ;
722),4(@(16) = (Qﬁ)ﬁ(ko)mMgl [—7(n*"k* — k°K”) + k*v™v ]/qu(q2+k2) (6.18)
m? 7 1
= 2 - | = af 2_ a1.pB 2,.«, 3
( 77)(5(1@’0)16 k] [ 32(77 k* — k%k )+f32k v },

with v# = (1,0). Notice that it is indeed conserved: k, 7" (k) = 0. From here, and (6.12), we get [3]

9 2
doo =1 GNm+2(GNm> . (6.19)
r r
9 2
g = —6; |14 G;Vm 45 (GNTm> +... (6.20)

Not surprisingly one recovers Schwarzschild’s solution in harmonic coordinates as a series expansion in

powers of rq/r. (This result was previously derived in [14, 20] using similar techniques.)

15 The reader should not confuse Huw at this stage with the radiation field. This is nothing but a trick to integrate out
the perturbation adding a gauge fixing term which is formally invariant under transformations of the background metric. In
the static limit there is no radiation whatsoever. We will, nonetheless, use a similar machinery to study radiation later on.
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6.3. Regularization

6.3.1. Power-law Divergences

At this point the reader may wonder about divergences, similar to those we encountered in our toy
model in part I. In fact, we cheated a little because the computation of 7'(’2‘;’ (k) does entail regularizing
a divergence, which arises from a term equivalent to a self-energy diagram (see below). The temporal

components do not contribute for a static source, and we end up with an integral of the sort

ij _ qiqj
A (k)_/qu(k+q)2. (6.21)

The divergence occurs when we take the trace, A%, in which case the numerator cancels out one of the
propagators. Diagrammatically, the singular part of the diagram in Fig. 4(a) appears when the §? from the
cubic vertex hits the propagator. The resulting integral is then equivalent to a self-energy contribution to

the mass. All such diagrams are set to zero in dim. reg., since they correspond to power-law divergences:

The full integral A%, however, does not vanish identically. To compute its contribution we write it as
AY(k) = A(k)k'K? + k*B(k)5"Y (6.22)

and solve for A(k) and B(k), using

A¥(k) = / ﬁ, (6.23)
i3 A1 (1) — (k-q)? _1 (k+9)° -k — ¢’
E'kiA (k)_/qq?(k+q)2_4/q Py : (6.24)

The first equation is the trace, which we set to zero, yielding A(k) = —3B(k). In the second integral all

the terms from the numerator lead to similar divergences, except for one,

1 ke k1 kP
,/ k1 kP (6.25)
q

4 ),q?(k+q)? 4 " 8kl 327
such that ) . 3
Ak)+ Bk)=—— > Bk)=———, Ak) = ——. 6.26
(k) + B(k) = g = B(k) = — g, AK) = g (6.26)
Combining the two we arrive at the regularized answer:
aq 1 i p2sii
= 3k'k? — k<6Y) . 6.27
it ap = ) (627
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Figure 4: Feynman diagrams which contribute to the one-point function to O(G%) [3].

6.3.2. Logarithmic Divergences

So far we have used the words ‘dim. reg.’ essentially to set to zero scale-less integrals. When loga-
rithmic divergences are present, however, we need to dig a little deeper into regularization in d spacetime

dimensions (see [193] for another implementation of dim. reg. within the PN framework).

The calculation of T(g‘)ﬁ (k) to O(G%) can be found in [3]. The diagrams which contribute are shown
in Fig. 4(b-¢), and the result reads [3]

1 3
Ty (B) = g3 ( 5 A”;ﬂ) (2m)5(k°) [ar (K"K — 0" k%) + ask®v™v”] To(k) , (6.28)

with a1, as some numerical factors. The relevant scalar integral, Ip(k), is given by

dd—lq dd—lp 1
Io(k) = 2
o(k) / (2m)d=1 (2m)d-1 @?p?(q +p + k)?’ (6.29)

written in d-dimensions. After analytic continuation in d, we find

2 2\ d—4
To(k) = Vv T[4 —dl[d—-3|T[(d—3)/2] (kz) ' (6.30)

(4m)d=1  T[d/2 —1]T[3/2(d — 3)] 2

This integral contains a logarithmic divergence when d — 4, hidden in the poles of the I'[z] function,
I'[z] = / dt e 't*71. (6.31)
0

Introducing an expansion parameter: € = 4 — d, with € > 0, and expanding around € ~ 0, we have

1" € 2
[[-n+¢ = ( nl!) (i +o(n+1) -3 (1/1(1)(71 +1) —p(n+1)% - 3> + 0(62)> : (6.32)

where n is a (positive) integer, ¢[z] = L logT'[z], and ¢ (V[z] its first derivative. For n =0 we get

Il = - =75 +0(), (6:33)

with vg = —¢(1) ~ 0.5772 the Euler-Mascheroni constant. Using this formalism, and expanding (6.30)

in €, we arrive at

1 1 k2
— + log(4m) — — log — . .34
397 | +log(4m) — vg + 3 — log e + O(e) (6.34)

Io(k) =
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The logarithm comes from expanding
(k*)° = exp [—elogk?] =1 —elogk? + O(€?), (6.35)

whereas the log p? follows in a similar fashion.'® Notice that the regularized answer for Io(k) in (6.34)

depends on . This is usually referred as a ‘subtraction’ or ‘renormalization’ scale.

6.4. Renormalization

For pedagogical purposes, in what follows we ignore the fact that the coefficients we will soon introduce
to deal with divergences ultimately drop out of observable quantities. The methodology we are about to
discuss applies to all the parameters needed to renormalized the theory, see sec. 6.5. We discuss in sec. 7.5

a more relevant example in the radiation theory.

6.4.1. Counter-Terms

Although the regularized answer for Iy(k) is finite when d < 4, we still have a pole as e — 0. This
means we need to remove the divergence by adding a ‘counter-term.” A first guess would be to absorb the

divergence into the mass term oc m 6(k - v). However, the singularity we find is proportional to, 7

1
(7 )pole = 0k v) [l ("R — R) + cak®oo] (6.36)

with some pre-factors c; 2. Hence, in order to make the answer finite in the ¢ — 0 limit we need to add

counter-terms which, by direct inspection, must take the form
k2

TE (k) = 6(k - v) {C}? (" E? — EPEY) 4 CSF ?v“v” . (6.37)

The trick is to choose Cf%t(v) to cancel the poles. There is not a priori a preferred way to subtract

divergences away. Therefore, we must also introduce a renormalization scheme. Several such schemes are

available and a convenient one is the ‘minimal subtraction bar’ (MS) scheme, see e.g. [155]. In MS, not only

the %—pole is removed but also some extra constants. Then, splitting the coefficient into a counter-term

and a renormalized piece, Cr(y) = C’I"%t(v) + }r%e(nv), we have

c C1 1 c Co
where
1 1
Z=. "8 + log(4m), (6.39)

and ¢ 2 are adjusted to cancel the divergences. After these are removed the remaining finite piece, encoded
in C;f(nv), must be obtained by a matching procedure. For example, by comparison between the full and

effective theory within the overlapping realm of validity, see sec. 6.6.

16 The scaling dimensions are shifted in d = 4—¢, e.g. we have Mp; — u’e/szl, sothat Gy — Gn (1 + %elog w2 )

17 Notice dim. reg. preserves spacetime symmetries which are otherwise explicitly broken by introducing a cutoff.
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As we will soon discuss these type of coefficients may depend on the internal structure of the objects.
However, for reasons that will be clear later on, the terms proportional to Cgy) can be consistently
removed altogether [3, 194, 195]. This is a consequence of Birkhoff’s theorem (or Gauss’ law), see ap-
pendix A. This will not be the case for all the type of divergences we may encounter and subsequent

renormalized parameters. We use these terms in what follows for illustrative purposes.

6.4.2. Renormalization Group Flow

After the divergences are removed by the addition of C'¢, Cf, the final answer becomes [3]

G2m? k2
Tay (k) = —4m6 (k") {(n“ﬁk2 — kkP) {c;;n + =52 (2 —log M) } (6.40)

1 G3,m3 (75 k?
a,B1.2 ) - rren YN .
+ v*Pk {20V 6 <32 10gu2>H ,

in the MS scheme. Notice there is still an arbitrary scale p. This, of course, would be physically unaccept-

able. The resolution is simple and it relies on introducing p-dependence in the renormalized coefficients,

CiY (1), such that the overall result is independent of any particular value of p. A natural choice though

nv

may be such as to cancel the logarithm in T( (k). Namely, by setting u? = k? we obtain

3)
2 m3 2 m3
T (k) = 4md(KO)k? [{Cﬁ“(kb n GN6 } + {;crven(m) - %GJZH (6.41)
2 m3
509 = —smakw? [ el + EX (642

This choice thus trades the explicit logarithmic dependence into the renormalized coefficients.

Continuing with this exercise let us solve for Cy, (|k|) in terms of (3())(19) and T&(ls) and plug it
back into (6.40), but now evaluated at a different scale. For example, for the trace we find
Ti(k) TU(k)  Gim® K’

2 o2 + 3 logﬁ, (6.43)

yielding a relationship between the stress-energy tensor at different values of momenta, without reference
to C'g. The above expression can also be encoded in terms of the renormalized coefficients. For example,
using (6.42),

ren/|1, ren G2 m3 |k|
CHP (M) = R (k]) — ~26 log . (6.44)
Along similar lines, we have
. 263m® . |k
CiF () = (k) + 225 hog [ (6.45)
From here we obtain the renormalization group equations,
d G%m3 d 2G3,m?
k|—C%(|k|) = ———, |k|-———CF(JK|) = —— | 6.46
| g OB ]y = =27 K e O ) = = (6.46)

which in this particular case are rather trivial. See sec. 7.5 for another example.
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Notice that even if a renormalized coefficients vanishes at a given k, these equations imply that they
will reappear at another value with a typical size given by the right-hand side of (6.46). This is a generic
feature. Once we know the renormalized parameters at p ~ |k|, the renormalization group flow dictates
how they change as we probe the system across different scales. The above analysis also tells us that
the dependence on p in the renormalized coefficients is nothing but a trick to keep track —and resum-—
logarithms (or any other non-analytic structure). The reader may object we still need initial conditions for
the renormalization group equations. This is the matching procedure we discuss in sec. 6.6. We introduce

first the effective action, and the necessary coefficients to encapsulate finite size effects.

6.5. Effective Action

When an extended object is placed in an external long-wavelength gravitational field, the center-of-
mass of the body will trace a worldline which, to first approximation, corresponds to geodesic motion.
However, upon closer inspection, we will observe deviations as a result of tidal effects. In what follows we
incorporate finite size effects in a point-particle (effective) action approach. This also provides us with a

compact way to organize the necessary counter-terms required due to the use of point-like sources.

6.5.1. Decoupling
Let us consider a compact body, of size rg, in an external gravitational field varying on scales much
larger than r;. As in the method of regions in sec. 4, we start by spliting the metric as

G = + : (6.47)

S L
g;u/ gHV
~— ~—~

short-distance  long-distance

where gﬁés) represent the long- and short-distance modes, compared with r;. For the case of neutron

stars, the short-distance physics includes the geometry, glf,j, and also the positions, x4 (o), of all the
approximately 10°/m? constituents of the star. Moreover, we must also incorporate other fields which
participate in the dynamics on short scales. Hence, analytically solving for the equations of motion of
each single particle is an unsurmountable task. However, since we are interested in the motion in long-
wavelength backgrounds, we may rely on an effective description which depends solely on long-distance

degrees of freedom, e.g. the collective motion of the body.

To construct the effective theory we thus resort only to the long-wavelength metric field, gﬁy, as well
as the center-of-mass of the compact object, z# (o). The effective action, Seg [mcm,gﬁy], follows by
integrating out the short-distance modes in the saddle-point approximation. For instance, for a neutron

star we have
exp{iSEH [gﬁy(a:)] + iSefr [x?m(o),gﬁu(x)] } = (6.48)

/Dgfy(x)DCSa?;‘(ap) exp {iSEH (90 ()] + ©Sing [asg‘(ap), gfu(x)] } ,

where Sipyg [xg‘, gfl,] describes the dynamics of the internal degrees of freedom. The latter includes not only

s
il

with respect to the center-of-mass, dz; =z, —

the short-distance metric, g2, but also the displacement of the constituents of the neutron star measured

(0%
cm*
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In most cases the exact form of the effective action is unknown. However, we have at hand the
symmetries of the long-distance physical system, namely diffeomorphism and reparameterization invari-
ance. Therefore, we write an effective action using all possible —local- terms respecting such symmetries.

For objects which are spherically symmetric in isolation, we have [3, 116]

Seft [xcm,gﬁy] = /d4x do §*(z — xcm(a))( -m \/gﬁl,(x)ugm(a)ugm(a) (6.49)

cm
ny uétm (U cm (U)

uk (o)udn (o
—I-CR/RL gMV \/gMV ucm( Ju, +CV/R;W gl“/ \/ (o) (o) _|_>
g

The extra terms beyond the geodesic approximation (or minimal coupling) are organized in powers of
derivatives of the long-wavelength perturbation, gﬁu. After the symmetries are incorporated the remaining
freedom enters in a series of parameters, often called ‘Wilson coefficients,” which carry information about
the inner structure of the bodies. For (non-rotating) black holes, they are determined solely in terms of 7
and Newton’s constant, e.g. m = r;/(2Gx). On the other hand, for a neutron star, they depend on the

equation of state, making these coefficients suitable to test different models, e.g. [196-209].

The fact that all the information about the short-distance dynamics is now encoded in a series of
coefficients is one of the pillars of the EFT framework. This is often referred as decoupling [210]. Decoupling
of short-distance (and short-time) physics implies that their influence can be encoded in (derivatively
coupled) interactions which look local on scales |k|~! > r; (and frequencies w < r; 1), and parameterized
in powers of |k|rs < 1 (and wrs < 1). The Wilson coeflicients are universal, which means once they are
obtained —via a matching procedure we discuss momentarily— they can be used in different situations. The
effective action can be then implemented broadly, for any situation where extended bodies are perturbed
by long-distance probes. This allows us to study complicated dynamical configurations, e.g. compact

bodies moving in the background field produced by a companion and emitting gravitational waves.

6.5.2. Finite Size Effects: Background and Response

The reader will notice the two terms proportional to Cr(yy in (6.49) are the same we introduced before
as counter-terms through the stress-energy tensor, e.g. (6.37). As we mentioned, the Cr(y) coefficients
can be consistently set to zero as a consequence of Birkhoff’s theorem. This will be a general feature in
the EFT framework where, at a given order, terms that vanish by lower order equations of motion can be

systematically eliminated [155]. %

After we discard terms proportional to the Ricci tensor, we re-write the action in terms of the electric,

E,., and magnetic, B,,,, components of the Weyl tensor Ca.3,

1
76#(1500“,81/,0”0”)0 9 (650)

E, = C,m,,gu“uﬂ, B, = 5

which obey ga,@Eaﬁ = gaﬂBaﬂ =0 and Eaguﬁ = Baﬁuﬁ =0.

18 As as consequence of Einstein’s equations, the terms proportional to the Ricci tensor do not propagate long-distance
effects, and can be thus removed from the effective theory. See appendix A. We drop the ‘cm’ and L labels from now on.
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Reparameterization invariance is incorporated by using the proper time, ¢ — 7, so that u? = 1.
Moreover, we introduce a locally-flat co-moving frame, e’j(z), with eff = u#, such that Eap(z) =
el (x)e(x)E,, (), and similarly for the magnetic term. Notice that in this frame Eya = Boa = 0.
Therefore only space-like components, i.e. E;;, are relevant. We then write the following term in the

effective action at leading order in derivatives

Son = %/d’]’ d*z 6*(x — (7)) QP (T)Eij(x), (6.51)

E(B)
ij
moments. Notice that the (ij) indices transform under SO(3), and therefore can be raised and lowered

and similarly with E;; — B;;. Here the Q () are the trace-free electric (and magnetic) quadrupole
using the Euclidean metric. While the gravitational interaction is local, these quadrupole moments may
depend on time. We then split them into different components. There is a background piece which accounts
for the short-distance contributions in the absence of external perturbations, and there is a response to

long-wavelength probes, i.e.

QP = () +(eFD) . - (6.52)
background response

The expectation value, (---)g, is computed in the background of the short modes. For example, for the
(trace-free) quadrupole of an object which is spherically symmetric in isolation, we have < g>s = 0.
There is no contribution linear in the metric from (6.51) in such case. (This would not be the case for
objects with a permanent quadrupole moment, or rotating bodies. For the latter <Qg>s is proportional

to the spin (squared) of the compact object. See part 8 for more details.)

The second term in (6.52) represents the induced multipole moment in the presence of a long-wavelength
perturbation. The E;; serves as a source for the response of the electric-type quadrupole. Then, using

linear response theory, we write
(@) =3 / dr'de 54z — o) (1GE (r. 7)) Bua(a) + - (6.53)
with the retarded Green’s function,
ota(r ) = ([QE, QEE] ) 0 =7, (6.54)

and similarly for the magnetic-type multipole moments.

If we ignore absorption (which is related to the imaginary part, see sec. 7.8) we can concentrate on the
real part of the response. We parameterize the latter in terms of the symmetries of the theory. In our case,
the SO(3) invariance —for non-rotating bodies— which is manifest in the locally-flat frame.'® Therefore,
we have (in frequency space)

Re (iG355%(w)) = Qiju Ref(w), (6.55)

19 This is reminiscent of the so called AdS/CFT correspondency, where isometries of the spacetime metric are mapped
into global symmetries in the field theory side [211-213].

36



O Joy b WN

with the projector onto symmetric and traceless two-index (spatial) tensors give by
Qijkt = (0ikbj1 + 0iudjk — 20i50k1) - (6.56)

Furthermore, since we are interested in long-wavelength perturbations, the function Ref(w) can be ex-
panded in powers of wry; < 1. Using the (time-reversal) symmetry of the real part of the response
(@ — —w),

Re f(w) = Cp + Cjriw? + O (w'rl) | (6.57)

and we find )

(Q¥) = / diz 64w — a(r)) (CEEij(w) +Opr2 o By(a) + ) : (6.58)

The Cg,C}, etc., are (time-independent) Wilson coefficients. If we now plug this result back into (6.51),
we obtain (similarly with E — B) 20

Sop — %/dT/d‘lx 5 (z—x(T)) [CE E, (2)E" (2)4+Cpu*(T)VoEy (z) u® (1) Vo EM ()4 - } , (6.59)

for the first corrections describing finite size effects for extended (non-rotating) bodies. Notice, since
we chose the proper time, the reparameterization invariance in (6.59) is manifest. (This is true also for
the factors of velocity within E,, and B, see (6.50).) It may be re-written in terms of any affine
parameter, o, introducing factors of vu2, as in (6.49). The procedure continues by adding diffeomorphism
invariant high(er) derivative terms. As we discuss momentarily, the scaling of the leading term in (6.59)

is connected with the effacement of internal structure in the two-body problem, see sec. 7.2.4.

6.6. Matching: Black Holes vs. Neutron Stars

In order to extract the Wilson coefficients, e.g. Cp(p), we need either experimental data, or a (math-
ematical) procedure by which computations in the full and effective theory can be compared within the
overlapping realm of validity. This is the matching we alluded before, e.g. [155], and for the latter option
it may or may not involve observable quantities. In principle the number of Wilson coefficients is infinite.
However, terms in the action scale with a definite power of the expansion parameter(s) in the theory, and

therefore we may truncate the series at a desired level of accuracy.

For concreteness, let us perform the matching for the metric produced by a generic extended compact
object, of size rg, at distances r > r;. (We will see later on that the leading order Wilson coefficient for
spinning bodies may be obtained in this fashion.) This is in general a complicated function of (r,r,) and,
for the case of a neutron star, also some dimensionful parameters which describe the internal structure.
For illustrative purposes, and simplicity, let us consider instead a non-rotating black hole at rest, such
that the only relevant scale is given by r;. Moreover, let us concentrate on a scalar observable, say the

trace hS, and for static configurations. The following steps can be easily generalized to other situations.

20 Technically speaking we are not allowed to plug the expression for the response into the action. However, because the
Wilson coefficients are fixed by matching, it is easy to show we get the same equations up to a trivial re-scaling. Notice we
also absorbed the factor of 72 into C'j; and integrated by parts. Moreover, we expressed the result in a covariant manner, by

using EijEij — By, E¥Y and % — u*Vq, for a generic frame.
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From dimensional analysis we have (in Fourier space and ignoring an overall §(kg))

[e3

ho(k) 1
Mp; k2

(|klrs), (6.60)
which we can compute both in full fledged general relativity as well as in the effective theory, for z =

|k|rs < 1. The full answer may be written as,

with P(z), Q(z) some analytic functions. For simplicity, we have assumed the non-analytic term is governed
by a logarithm, but in general we may have a more complicated structure. On the other hand we have
the EFT computation. By construction, the low-energy degrees of freedom are always kept as propagating
modes in the effective theory. Therefore, the EFT reproduces the long-distance physics, including the
non-analytic behavior in the IR limit [k| — 0. In this example, this means we will find [3]

fete(lK] 1) = | PRI, o) +@<k|,ci<m>log'ﬁ , (6.62)

in the EFT side, with P and @ some polynomials. 2 The p dependence enters through dim. reg., see
sec. 6.3.2. Notice we have no explicit reference to rs. This is not surprising, since in the effective theory
we have taken the limit r; — 0, at the expenses of introducing UV divergences. As we discussed, these are
removed by the introduction of counter-terms and finite size effects are encapsulated in the (renormalized)

C;(u) coefficients.

To complete the matching we decide on a level of accuracy, e.g. O(zN ), and equate both results,

Jeto(kl,p = r7Y) = far(lklrs < 1) + O (2MF) (6.63)
such that,
B (=N B =N
QUkl, Ci(n = 1/r3)) = Y qu([klry)’, P(k|, Ci(p =~ 1/rs)) = > pel(klrs)", (6.64)
=1 (=1

with gz, pe the coeflicients in the Taylor expansion of P(z),Q(z) for small z. From here we solve for the
Ci(p ~ 1/rs) as a function of rs by isolating the relevant powers of z. The choice p — pyy =~ 1/rg
for the UV matching scale in (6.63) prevents the existence of large logarithms, which may jeopardize
the perturbative expansion. After the Wilson coefficients are extracted at that scale, the renormalization
group flow allows us to run to long(er) distances, r;* ~ pyy < u — pur =~ v~ . (We will analyze a specific

example in sec. 7.5, for which the relevant scales are given by: pur — )‘r_aii and puy — r~ L)

21Note the logarithm in (6.62) is associated with a UV divergence in the EFT. The long-distance non-analytic behavior
in the full theory is thus linked to UV singularities in the EFT, due to the rs — 0 approximation. This allows us to resum
logarithms using renormalization group techniques. See sec. 7.7 for an explicit example.
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The reader may object that, since terms quadratic in the metric perturbation do not contribute to the
one-point function, the above procedure does not allow us to extract Cg(py for an isolated object in a
flat background. Moreover, Birkhoff’s theorem precludes parameters, other than the mass, to enter in the
metric outside of a spherically symmetric, non-rotating, stationary object. (This is, after all, the reason
we discarded the Cr(y) terms from the effective action.) In spite of this, the previous steps are generic
and therefore also apply for different matching conditions. For example, instead of a flat background we
may place a (non-rotating) body in an external electric field, £,, # 0, varying on scales larger than r,.
In such case the finite size term scales linearly in the perturbations (defined with respect to the curved

background)
i / € E" [has] (6.65)

and our previous analysis follows, allowing us to extract the value of the Cg coefficient. Moreover, we can
also consider a boosted black hole in the presence of an external magnetic component, B,,,,, such that Cp

also enters in the one-point function.

Let us stress an important point. While matching may entail fixing a gauge (or a coordinate system) in
general relativity, the final result for the Wilson coefficients is diffeomorphism invariant. That is the case
because they appear multiplying gauge invariant terms in the effective action. Moreover, once they are
obtained, by whichever mean, there will be no left-over reference to either a particular gauge or the type
of (long-wavelength) probe used in the matching procedure. For instance, to read off the Cg(p) Wilson
coefficients we could have equally considered gravitational wave scattering. The cross section in the EFT
framework can be easily computed, and it scales as [116]

Crw) W (6.66)
Mg,

cht(w) —_ ... +

On the other hand, in the fully relativistic computation we expect, say for the case of a black hole,

Ubh(w) = r2f(rsw), (6.67)

gr

with f(z) an analytic function. (As we discussed, non-analytic terms cancel out in the matching and

therefore we do not include them here for simplicity.) If we then expand in powers of wry < 1, we obtain

(W) 2 (o (rw)E ), (6.68)

gr

and comparing both expressions (up to a numerical factor) we find
Crp) ~ My . (6.69)

Unlike the (off-shell) static case, the Wilson coefficients entered here in an on-shell scattering amplitude.
The result, however, is universal. We can then use the expression in (6.69) to derive the value of the
one-point function in a curved background, or viceversa. As we shall discuss later on, the scaling in (6.69)
does not hold for black holes which, somewhat unexpectedly, turn out to have vanishing Cg(py’s, see

sec. 7.2.4 and sec. 14. That is not the case for neutron stars.
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7. Non-Relativistic General Relativity

After integrating out the short(est) distance scale, rs, we then collect two compact extended objects
and form a binary system. The steps toward solving for the dynamics resemble our treatment of the
scalar toy model in part I; up to gauge fixing issues, tensor structure and more complicated non-linear

interactions. We will also find a rich renormalization group structure for the parameters of the theory.

7.1. Potential and Radiation Regions

The bound state adds two extra regions to the problem. First of all, we have modes varying on scales of
the order of the separation of the bodies, r ~ 7, /v%. Furthermore, there is the radiation scale, Aag ~ 7/v.

As we mentioned, when v < 1, we have
ML <t <t (7.1)
Following the method of regions in sec. 4 we split the metric perturbation into two classes,

h;w: H,uz/ + B,Lw s (72)
~~~ ~~

potential  radiation

potential and radiation modes, according to the scaling rules

(ko, k)pot ~ (v/r,1/7), (ko,k)raa ~ (v/7,v/T). (7.3)

The latter represents the on-shell propagating degrees of freedom, whereas the former are the off-shell
modes which mediate the binding forces between the constituents of the binary. The potential modes do
not appear as external states in the EFT, therefore the H,, field must be integrated out in a background
of radiation modes. The non-linear coupling between potential and radiation complicates the calculation
of the power loss. However, the fact that the EFT framework separates the relevant scales, one at a time,

greatly simplifies the computations as we show next in several steps.

7.2. Binding Potential
The binding potential is obtained by integrating out the potential modes, (a = 1,2)

eWlwal — / DH,,, exp {iSEH[HW] +iSEF[Ta(t), Hyl +iSGF[HMV]}v (7.4)

while ignoring the radiation field.?? We use a gauge fixing term, as in (6.8), and the coordinate time
as affine parameter. The point-particle action, SYF[@,, H,,], includes a series of terms, as in (6.59).
At zero-th order in Gy

Woy[a] = SPE[a, 1] = / it K[za)], (7.5)

representing the kinetic part of the effective action, which we must also expand in powers of v. Next we

compute Wx,], by solving for H,, perturbatively and plug it back into the action.

22We will extend this procedure later on to incorporate (conservative) contributions from radiation-reaction. See sec. 7.6.
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7.2.1. Quasi-Instantaneous Modes

The potential modes are off-shell, therefore they only contributes to the real part of Wz,],
Re Wza] = / dt (K[wa] — Viza]) | (7.6)

from which we read off the binding potential, V[z,]. To integrate out H,, we use the ‘quasi-instantaneous’

Green'’s function

1 .
<T{H;w(t17ml)Haﬁ(t27m2)}> = 77:P;waﬂ |:5(t1 - tg) A ﬁezk-(anfmﬁ (77)

d 1 .
St — t —_ptk(mi—m2) |
+ T (t1 2)/k:k4e +

As before, we expanded the denominator in (1.7) in powers of kq/|k| < 1, for slowly moving sources. The

propagator and velocity corrections will be represented as in Fig. 1.
The leading order term in (7.7) gives us the scaling laws
1
(T{Hy(t, k) Hap(0,@)}) ~ 156(6)0° (k +a) = [Hu(t, k)] ~ v/, (7.8)
where we used t ~ r/v, |k| ~ 1/r. We also have (with L = mur)

m? v?

— ~Lv — [Hﬂu(t, a:)] ~ Mplﬁ . (79)

We show in sec. 7.2.4 that first non-trivial Wilson coefficient in the point-particle action enters at O(v1?)

for non-spinning objects. Until then the mass coupling,

Y
V¥Vq,

PRIy Hy] = — H, + - 1
Seﬂ[ma7 HV] 2MPl/th /’“’—"_ ) (7 0)

with v# = (1,v%), suffices. Note the leading order term scales as

m m7}2’f‘
—— | Hyodt| ~ ~VL. 7.11
[2Mm/ 00 } VILv (7.11)

We can use this worldline coupling to calculate Wx,] at leading order in Gy. Indeed, this is identical to

the computation in sec. 2, and following similar steps we reproduce the Newtonian potential

mi1mso 1 GNm1m2

Vnlza] = , (7.12)

T 327 M2, @y — @] r
as in (2.5) (after identifying M — 2Mp) and including a factor of Pyooo = 1/2).

7.2.2. Einstein-Infeld-Hoffmann Lagrangian

The first correction to the Newtonian dynamics enters at order Lv?, or 1PN. The relevant couplings

are summarized in appendix B. The Feynamn diagrams are depicted in Figs. 5 and 6.
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2
o vt v
8 ' '
. .
20 oL W0

(@) (b) (©)

Figure 5: The first diagram accounts for an insertion of pg in (7.7). The subsequent diagrams include velocity
corrections from the point-particle action in (7.10).

(a) (b) (c)

Figure 6: Non-linear (static) contributions from the point-particle source (left), see (7.16), and Einstein-Hilbert
action plus gauge fixing term (middle), see (7.19). The figure on the right represents a divergent self-energy
contribution, which can be removed using dim. reg.

For the velocity corrections in Fig. 5 we obtain,

1Gymim (v1-7)(vg - 1)

Vs(a) [ma] = —5# (’01 C Vg — % ; (7.13)
Gymim

V5(b) [xq] = 4%’01 sV, (7.14)
3Gymm

Vi) [al = *i%v? (7.15)

The remaining contributions are due to non-linear couplings, shown in Fig. 6. For example, for the

non-linearity stemming off the worldline we have

m ’U4’I"
— | H3dt| ~m—— ~ %, 7.16
kM&/‘m ] T (7.16)

This term thus enters at 1PN through the seagull diagram in Fig. 6(a),

1 (—ima\” im - S
ReWaw (o) = 57 (Gt ) g | o (7 {Hoolta, ma(62) Hiola, () (1 (1))

m2m - - . eip (x2(tz)—w1(t1)) pig-(x2(fz)—z1(t1))
73211\41?,21 /dtldthtQ §(ty — t2)8(ty — t2)(—iPoooo) /p’q Pz pe , (7.17)
and we get |3
et 1) Vit [a] = — m2ms 1 B 7G?Vm%m2 (7.18)
SO T T )21 28 MY [ (1) — (1)) 22 '

There is one more diagram, Fig. 6(b), for which we need the three-graviton vertex [3, 164, 165],
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(T{Hoo(t1,p1)Hoo(t2,p2)Hoo(ts, p3)}) = (7.19)
4]\2P15(t1 — 12)5(t, — t3) <;§> (;5) (;g) (p? +p3 +p3) 8°(p1 + P2+ p3) -

To show that the three-graviton contributes at 1PN we use the power counting rule in (7.8) [3]

1 3 1 r o1 M3 2
— | dt 3 (k)E*(dPkH,,(t, k ~— 3 TP 7.20
i [ ()| ~ e e (7.20)

such that Fig. 6(b) scales as (v/L)3v?/VL ~ Lv?.

When we compute this diagram we run into divergences. This occurs when the p? part of the vertex
in the numerator cancels the corresponding propagator, thus shrinking the corresponding line to a contact
interaction. This produces a self-energy contribution, shown in Fig. 6(c¢), which diverges. These are
regularized using dim. reg. and set to zero as we discussed previously in sec. 6.3. The only term that
survives is the one which does not involve a scale-less integral, and we obtain [3]

2,2
Gymima

- (7.21)

Vo) [®a] = "

Garnering the pieces we arrive at the Einstein-Infeld-Hoffmann Lagrangian [214]

1 G . . G2
== > mei+ U2 13 (02 4 v2) — T(v; - va) — (o rj,gm n) - lem;gnl - ma) .

(7.22)

7.2.3. Higher PN Orders: Kaluza-Klein Decomposition

To compute the Einstein-Infeld-Hoffmann Lagrangian we used the three-graviton vertex. However, only
the Hypy component matters at this order. This suggests that a spacetime decomposition into scalar, vector
and (3)-metric may simplify the number of diagrams and Feynman rules at each given order. A useful

split was then introduced in [215], see also [216], consisting on the following ‘Kaluza-Klein decomposition’:
gudatde” = e2¥ (dxo — Aida:i)2 — e_zg"yijdwidwj . (7.23)

(Note this also resembles the ADM formalism [217].) The Einstein-Hilbert action takes the form [215]
Sgn = —2M3, / diz/y [R(?’) (V] + 279950050 + 2y F9 | (7.24)

where F;; = 0;A; — 0;A;. The couplings to point-like sources may be obtained from (7.23), in terms of
(p, Ay, 7v55)- Notice that ¢ always couples to the vector and tensor perturbations, and therefore there is no
scalar cubic coupling. This means the 1PN effective action may be obtained without the diagram shown
in Fig. 6(b) [215]. The split in (7.23) also proves to be helpful at high PN orders in the conservative sector,
with the computation of the 2PN [105] and 3PN [106] potentials respectively, and significant progress
towards 4PN order in [107]. A partial list of topologies are shown in Fig 7 [119]. Unfortunately, since

physical modes are encoded in +;;, it does not provide much of an advantage in the radiation sector.
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Figure 7: Some of the topologies which contribute to 4PN order, see [119]. Each line represents scalar, vector and
tensor exchanges, and the vertices are determined according to the Feynman rules following from the action.

HETREIED

JL[\
\47\
A
747\

7.2.4. Effacement Theorem for Non-Rotating Objects

At some point in the PN expansion finite size effects will start to play a role. This requires adding
extra terms in the effective action, as we discussed in sec. 6.5. If we ignore spin, finite size effects first enter
through the Cg(p) coefficients. Notice that these terms entail four powers of derivatives. For example, for
the electric-type term we have

J\Cél /(aiajHoo)th e (7.25)
We are now in a position to prove the effacement theorem, e.g. [218], which establishes the following: Finite
size corrections for non-rotating compact binaries enter at O(v'°). This is nothing but a consequence of
a simple observation. For a gravitationally bound system Hgo/Mp; ~ Gym/r, and derivatives add extra

factors of 1/r. The correction induced by finite size effects thus scales as

Cg

2 2 6 T,
Gymr (’i) =~ L', (7.26)

r6 o r/) w

where we used Cg ~ r2 /Gy, following the matching procedure in sec. 6.6, see e.g. (6.69). This immediately
tells us it enters at 5PN order in the binary’s dynamics, as advertised. The magnetic-type term requires

factors of the velocity and does not couple to Hyg. Therefore, it contributes at higher PN orders.

It turns out the (renormalized) C'g(p) vanish for black holes in four spacetime dimensions [196, 197, 219].
This was shown in [219] (for the electric-type) by explicitly performing the matching for the one-point
function in a curved background as we discussed in sec. 6.6, and applies to all the electric and magnetic
{-pole moments. On the other hand, terms involving higher time derivatives, e.g. E”E” in (6.59), are
present for black holes [201, 204], which means we still need to augment the point-particle action beyond
minimal coupling for non-stationary configurations. For neutron stars the Cp(p) coefficients are finite
and related to the so called ‘Love numbers,” which have interesting phenomenology, e.g. [196-209]. The
vanishing of Love numbers for black holes in d = 4 implies they are not only the most compact objects in

nature, also the most rigid. We return to ponder on these issues in sec. 14.
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7.3. Gravitational Wave Emission

7.3.1. Radiation Effective Action

We now turn on the radiation field, BW, and write down a long-wavelength effective theory. Like before,

we integrate out the potential modes, but this time in a non-trivial background,
uv = g;,w + H;,W/MPI y g;u/ = Nuv + BHV/MPI . (727)

The effective action for the radiation theory, Sa4[z,, g, ], is thus obtain from

e — [ Dy exp {iSelgun] + iS5 @, 9us) + iScrlF]} (7.28)
~ | DH,,Dh S SR SAH
pv Dl exp  iSen(gw] + 1S5 [®a, 9] +1Sep [Hu] ¢

and subsequently radiation modes are integrated out to compute W{z,]. The latter contains (through the
optical theorem) information about the total radiated power. The implementation of the background field

gauge-fixing term, SgLF) [H,v], is similar to sec. 6.2 (see below).

Following the discussion in sec. 6.5, we use the symmetries of the long-distance theory to construct the

effective action, which becomes [28, 29] %3

2¢

Ta 7 — 1
Seﬂrd[a:a,hwj} = /dt\/goo [—M(t) =+ Z <€|IL(t)VL2Ei£1ig — W
=2 ’ ’

JL(t)vL2Big1iz)] . (7.29)

The binary system is thus replaced by a point-like object endowed with a series of multipole moments.

We use the Weyl tensor since terms proportional to the Ricci tensor can be removed via field redefi-
nitions, see appendix A. We place the center-of-mass of the binary at the origin, and at rest with respect
to distant observers, such that 1/goodt = dr is the proper time. The first term, M, represents the binding
mass/energy of the binary system. The electric- and magnetic-type (¢ > 2) multipole moments, (I*, J%)
are SO(3) symmetric and traceless tensors [167, 168]. Along the worldline, latin indices are defined with

respect to a (co-moving) locally-flat vierbein, €’y (), with e} = v¥, such that gh” = efef — §¥el'e? | and

A
V, = e’; V., where V, is the derivative compatible with g,,,.

As we discussed in sec. 6.5, we will decompose the multipole moments into background and response,
see (6.52). However, for the radiation problem only the background terms, ((I*)g, (J%)s), will be relevant.
Higher powers of the metric field can be incorporated by studying the response of the multipole moments
to external perturbations. These extra terms, e.g. [ EYE;; as in (6.59), are important when the binary
is embedded in an external gravitational field. In part III we study an example where the response terms

are present. (For the sake of notation, we drop the (---)g in what follows.)

23 We remind the reader L = (i;---i7), L — 2 = (i1 ---i¢_2), etc. We omitted the coupling to the angular momentum,
which we study in detail in sec. 8.
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7.3.2. Radiated Power

To calculate the total radiated power we use the optical theorem, see sec. 3.2. We perform the DEW in-
tegral in (7.28) using Feynman’s boundary conditions and the same gauge fixing term as in (6.8), evaluated

on a flat Minkowski background. Then, taking (twice) the imaginary part of W{x,], we get

and for the total power,

o 6 8
p:@/ dw|:w|Iij(w)|2+16w6|Jij(w)|2+w
0 5 15

ijk 2
7 - 159 |17 (w)] +} , (7.30)

This expression can be written in compact form in terms of time averages [29]

<+ 1) +2) AN 4004 2) a1 ey ?
P= GNZ 00— )0+ ! << it ) >+(£—1)(£+1)!(2z+1)u<< i > > (7.:31)

to all order in the multipole expansion. Needless to say (7.31) agrees with the standard result, e.g. [220].

As in sec. 3.2, it is useful to introduce the gravitational wave amplitude (for polarization h = £2)

iAp(w, k) = (7.32)

which can be computed, from (7.29), as a derivative expansion

I'L]k
,LAh T T T
4Mp1 e (k. h)[ 21 (w )+3wkzl eFLIR (W) — 3 Wk T (W) + ] , (7.33)

with w = |k|, and ¢;;(k, h = £2) the polarization tensor. In terms of A (w, k) we have (see (3.22))

1 dk

drn(k) = 7 (2m)32]k|

AL BE = P,y = [ KD (R). (7.34)
k
From the expansion in (7.33) we recover (7.30) after summing over polarizations [28].

7.8.83. Matching: Multipole Moments

To compute observable quantities from the above general procedure we need to be able to extract the

multipole moments of (7.29) in terms of short-distance degrees of freedom. To this purpose, we start with
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the coupling between the short-distance modes and the radiation field [28-30],

1

/ d*x T (x)h,,(2), (7.35)

to leading order in Gy in the far zone. In this expression, the 7#"(x) is the pseudo stress-energy tensor
which includes all of the (near region) non-linear gravitational contributions from the Einstein-Hilbert
action and worldline couplings, without yet incorporating non-linear effects in the wave’s propagation (see
sec. 7.4 and 7.5). The matching procedure now follows similar steps as in sec. 3.3. We first expand the
radiation mode in a Taylor series. For simplicity, let us assume the center-of-mass of the binary system,
defined as

xl = /d?’:l; TOt x) =, (7.36)
is at the origin and undisturbed by external sources, &., = 0. Hence, the multipole expansion of the field
becomes, )

Py () =) ﬁw“ gy, 8y, By (,0), (7.37)
n=0

which we then plug back into (7.35). Afterwards we decompose the moments of the stress-energy tensor
into irreducible representations of SO(3). We may concentrate on transverse-traceless physical modes, for

which 9%h;; = 0. The gauge invariance is guaranteed by construction [29].

The decomposition of moments of 7% (¢, ) is standard in the literature, e.g. [60, 220]. For illustrative

purposes we recall some of the manipulations at low orders. At leading order we have,
y 1 o
/dgm TY(t,x) = 5 /d3ac RTt, z)x'x? (7.38)

such that (integrating by parts)

- %/dt U d%Tij(t,m)] hi;(t,0) — —% (/ d*x Too(t,:c)wia:j> %aghij(uo). (7.39)

Then, using E;; = —%83/3”- for on-shell physical modes at linear order in the perturbations, we find

I'(t,x) = /d3:c T ) [2'e! ]+ (7.40)
At next order in derivatives we encounter [ d®xT"x" which can be decomposed as 2® 1 = 3 @ 2.
(We ignore traces which do not contribute to the radiative multipoles.) The 3 corresponds to the electric
octupole moment, whereas the 2 contributes to the magnetic quadrupole. The latter reads

[ / P Tij(t,m)wk] Dy (£,0) = —gﬂ (t,) By, (t,0) (7.41)
2

where, )
J”(t,x) - -5 /d3$<€ikl [Tﬂk(t,ﬂﬁ)ijl]TF 1io j) 4 (7.42)

Continuing with the derivative expansion we find the moment [ d*xTxFx! which can be decomposed
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as 2 ® (1 ® 1) =4® 3P 2, plus traces [29]. The 4 contributes to the electric sixteen-pole, the 3 to the

magnetic octupole, whereas the 2 modifies the expression in (7.40), and we get [29]
i 3 0 kk 4 o ko, o0 2 i,
I'ite)= | &z (T x) +T"(t,x) - 57‘0 (t,x)x" + ETO (t,x)x® ) [x'a! |  +-- . (7.43)

After extensive use of the Ward identity, integration by parts and the wave equation, we arrive at [29]

_ '« (26+ 1)1 8p(l+p+1 )
L = z:: 2€+2p+1)l| <1+(£+)€+2> |:/d3 61"7*00(25 :II) 2p L :|STF (744)

* (2p)l|((z§j:;p”+1 ( (t+1) €+2)> Udeangkk(t’w)wQ%LLTp
- e (7 1) (o g [ ot
* o (erery) | ST e -
7= (217)”((%—:;1?”4—1 " (1+ £+2) ) [/ d3w€klmn82p7ﬂm(t ) 2pan_1] STF (745)
(217)!!((%127”-# nh ((ﬁ—k 2)) [/ dgwek@mrangTm”(t,m)meas’”"L_l} STF

for the ¢-pole moments, where the symmetric trace-free (STF) parts are constructed as, e.g. [167],

k=[¢/2]
i 0(2¢ — 4k + )N (irin b vizn Tigka1- )01l
@ =2 (z—zk)!(ze—2k+1)!!(%)!!5 o I : (7.46)

k=1

To obtain the moments entering in (7.44) it is useful to work in mixed Fourier space, and expand in

k-x~wv,

TH(t, k) = Z ( éf) (/d3w THY(t, @) " ~~:c”) ki, k. (7.47)

=0
The final step consists on calculating 7#¥ (¢, k), which may be read off from the gravitational amplitude
n (7.32), i
 2Mp, €is

This amplitude includes, in addition to contributions from worldline couplings, also from the bind-

iAnp(w, k) = et (e, h) T (w, k). (7.48)

ing potential energy. When we solve for H,,, we must guarantee the preservation of the long-distance

symmetries of general relativity. This is achieved in the background field method, see sec. 6.2, using

h
SEH W) = [ d'e \/g(x) TP (@)D () (7.49)
n (7.28), with
— - 1 -
h) _ h h
Iy =V H - SVIVH (7.50)

The gauge-fixing term now contributes to the potential-radiation coupling, hH H, and Feynman rules.
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It also enforces the Ward identity, 9,7+ (x) = 0, for the pseudo stress-tensor in (7.35) (as a consequence
of (6.6)), such that unphysical modes do not radiate.?*
7.8.4. Power Counting

At leading order we may ignore non-linear gravitational effects. Then, see (6.5),

vy (t) ik

T (t, k) — TH (t, k) Ja hewa(t) 4o 7.51
o - X e
The ellipsis include finite size effects, which will be important at higher orders. From this expression, and

introducing

K" = /d% T (t, z)x’ (7.52)
we find the following scaling laws at leading order (for non-rotating objects)
KP ~ Mrt, KY ~Mrlv, K~ Mrt?. (7.53)

Since derivatives of the radiation field scale as 9, ~ A__;, the effective action in (7.29) becomes an expansion

rad ’

in powers of r/Aaq ~ v, as expected. The leading order multipoles are given by [28]

I = Z mg [zhxl] or T O(v?), (7.54)
ik — Zma ziz) a] +0(v?), (7.55)
Ji = Z M [(Ta X V)" ]STF +0@?). (7.56)

Let as add a few comments regarding the multipole expansion. Notice the first two terms in (7.43). The
trace, TFF (), originated at second order in -9 < 1, whereas the temporal component, 7°°(x), appeared
at leading order, e.g. (7.39).2° It turns out, in the velocity expansion for non-rotating bodies, the trace is
suppressed by a factor of v? with respect to the 00-component displayed in (7.54). However, this is not the
case at O(Gy), see (7.53) and (7.59) below. The decomposition into irreducible representations is thus

essential for setting up the power counting, and isolate the relevant contributions to a given order.

7.3.5. Power Loss to Next-to-Leading Order

We are now all set to compute the radiated power to NLO. We need, the factors of velocity from

(7.51) shown in Fig. 8(a), as well as non-linear couplings from Figs. 8(b) and 8(c). We only require NLO

24Notice that, up to this point, we allowed for (non-linear) couplings between potential and radiation modes, but only

to linear order in h,,. Hence, strictly speaking, the 7#¥(z) in (7.35) would be covariantly conserved: VLh)T*“’(:E) =0,
had we turned on non-linearities in the far zone. We study these tail effects later on in secs. 7.4 and 7.5. As we shall see,
the conserved (in the usual sense) pseudo stress-tensor, which we will continue denoting as 7 (x), will be modified to
incorporate non-linear gravitational interactions in the wave’s propagation.

25 In general, the electric-type /-pole moment at order (- 0)™ receives contributions from the expansion of f_Lij at orders
(n+¢,n+€—1,n+£¢—2), whereas the (n+ ¢+ 1,n + £,n + £ — 1) contribute to the magnetic-type [29].
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Figure 8: Feynman diagrams which contribute to the one-point function, k. (), at NLO. The dashed lines are
potential modes sourced by the particles, while the wavy line represents the radiation field.

corrections for the mass quadrupole, while the current quadrupole and octupole are needed to leading order.
Therefore, we are after the combination T%(¢, k) + T**(¢,k) in (7.43). Computing the gravitational

amplitude we extract (the diagram in 8(b) does not contribute to the trace at this order),

7;;(%2)@» k) + 7;3(@)( k) = 5 Zma qem ke (7.57)
iqTay e ikw Gymgmy o—ik®
7'8{%(1)7)(75”‘:) = M2 Zmamb/ o ab ket — Z 1z — | ke “ (7.58)
Pl a#p atb Lg — Tp
1 — —1 —1 41 )
0 kk _ a 2 —ik-
7250(c)(t7k)+7;5(c)(t7k) = EQMPI meamb/q el b2q2m ( +Q'k)e TRy
GNmamb ik
= _9 ik-xo )
QZ# o — xb| (7.59)

We then multipole expand these expressions in powers of |k|/|g| [183], and read off the relevant moments

from (7.47). Hence, combining the terms and expanding to O(k?), we obtain
3 GNmy o 11 d? o i
;m“ <1+2 Z|m :cb|> La wfz]TF‘*‘@?"“l@ CAEFE AP
—éZmai(wm (@} ] )—l—(’)( 4. (7.60)
34 dt
It is customary to assume gravitational wave emission has circularized the orbit by the time it enters the

detector’s band, such as LIGO, which is sensitive only to the final few minutes of the inspiral [49, 60].

If we denote the orbital angular frequency by €, and work in the center-of-mass frame, we obtain [28]

I'(t) = p {1 - <412 + igu) x} [rirj]TF + %mﬂ (1-13v) [vivj]TF, (7.61)
JIt) = pv1—4dv [(r x v)'r7] g (7.62)
IR (1) = p/1 — 4w [rirjrk]TF, (7.63)

where we defined v = 7 and used the equations of motion which follow from the 1PN Lagrangian in (7.22).
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It is standard to write the results in terms of the following mass ratios:
tm = mama /M | Uy = pm /M, (7.64)

as well as the parameter
= (GyMQ)?/3 (7.65)

which scales as z ~ v? in the PN expansion, e.g. [60]. In terms of these variables, we obtain for the

multipole moments needed to NLO 26

G2 — 276(0) w2, 2® 107 55 B
|17 (w)] T Lt | =5y Hopvm )@ S(w—29), (7.66)
FPUNY 2m5(0) w2, 2°
’J](w)| = G?\I W(1_4Vm)6(w_9)7
ik N2 _ 276(0) w2, 2® 3 3 3.
’I (w)‘ G2 a0 (1 —4vp,) |§(w —39Q) + 55(w ).

From here we conclude that at leading order emission is quadrupolar, with w.aq ~ 22, and the total

radiated power is given by

32 v?
Pro = 22Ym 05 L 019, .
Lo = ¢ GNx O(v™) (7.67)
Moreover, plugging the expressions in (7.66) into (7.30), we find at NLO the well-known 1PN result,
e.g. [60],
Pxro 1247 35
=1—(—4+—=v | z. 7.68
Pro (336+12V )x (7.68)

These steps continue to all orders, modulo non-linear effects in the radiation zone we discuss in sec. 7.4.

7.3.6. Gravitational Waveform

The previous analysis allows us to compute multipole moments describing the binary system. These
multipoles can be used to compute the total radiated power as well as the gravitational waveforms. The
latter can be obtained as follows. The physical degrees of freedom are transverse-traceless (T'T), therefore

to construct the waveform we need to project away the unphysical modes,

_ 1 _
TT —
hij (z) = o Aij et b () (7.69)
with the projector,
Aij,kl = (5zk — rl—rk) (6jl - rjrl) — 5 (6” — ’I“i’l”‘j) <5kl — Tk’l“l) . (770)

26 The factors of §(0) appear from squaring the multipoles, e.g. §(w — 2Q)6(w — 2Q2) = §(0)6(w — 2§2). We also discarded
terms proportional to §(w) which do not contribute to radiation. Note, since in (7.30) we integrate only over positive
frequencies, we also omitted terms such as e.g. §(w + 292), which only amount to factors of 2 already incorporated. We will
identify 275(0) = ul;iglof dte’* — T in order to compute the average radiated power.
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The on-shell gravitational waveform for a given source, described by a stress-energy tensor 7% (z), can be

then obtained from the linearized Einstein’s equations in the radiation zone,

_ 4G oo d Y
hiTjT(t,ac) = —*TN Aij,kl/ iTkl(er)ewtm +0(1/r?), (7.71)

— 0o

with t,e; the retarded time, see sec. 3.1.2%7

Following similar steps as in sec. 7.3.3 we can implement a multipole expansion for the source. Hence,

in terms of the multipole moments we find [29]

7 4G N = 1 AL— 2¢ mn nL— pml—
hg;_T(t, x) = _TAij’k‘—lkeZ [w 8(€IL(tret) FL=2 _m € (keangzfl) L 2(tret) pmL—2 ., (7.72)
=2 : :

in agreement (up to an overall sign convention) with the known result, e.g. [60]. This expression also
follows directly from (7.29) by computing the one-point function with retarded boundary conditions. The

waveform in (7.72) can be used to re-derive the total power, e.g. (7.30), from

1 . .
P 2 rr rr . .
RN /r dQ <h” (t, )hT, (t,m)> (7.73)

7.4. Tail Effects

The binary system sources the ambient geometry in which the waves propagate. The metric (far away
from the binary) is that of a Schwarzschild (Kerr) spacetime with a total mass/energy M. Hence, in
addition to contributions from the worldline couplings and quasi-instantaneous gravitational potentials,

we now need to include also the gravitational interactions with the background geometry in the far zone.

At leading order in Gy we have a gravitational potential, varying on scales of order |k| ~ A;il < 1/r,
given by the Newtonian approximation,
GNM
<I>binary(k) = _% + O(G?\{) . (774)

As we discuss in what follows this is the origin of the tail effect, e.g. [111-114, 174-179, 221]. From
(7.74) we notice the gravitational tails can be parameterized in powers of the ratio n = Rs/Araq, with
R = 2G N M the ‘gravitational radius’ of the system [28]. For Post-Newtonian sources we have n ~ v?,

and the tail first enters at 1.5PN order beyond the leading effects for binary inspirals.

As we shall see, the tail effects lead to the introduction of so called radiative moments, as opposite
to source multipoles which are computed as in sec. 7.3.3. The expression for the total power remains as
in (7.30), but written in terms of radiative multipoles. In the following we exercise an abuse of notation,
and retain TH(z) for the (pseudo) stress-energy tensor. The latter now incorporates both the gravitational
non-linearities from the potentials in the near zone as well as in the radiation region. It is guaranteed to
obey the Ward identity provided we use the background field method, as in sec. 6.2, to include non-linear

interactions in the far zone after the short-distance potential modes are integrated out (see sec. 7.5).

27 Formally speaking the expression in (7.71) is only valid for sources with compact support. See the next sub-section.
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7.4.1. Radiative Multipole Moments

The contribution to the total power from the tail effect may be obtained from the optical theorem.

For example, at leading order in 7 in the radiation zone, we have

for each (I*,J%) multipole emission. The interaction between the outgoing radiation and the binary’s

potential is represented by the M insertion. Higher orders in 7 corresponds to extra factors of (7.74), and
diagramatically to extra ladders. In general, the tail contribution to the gravitational amplitude can be
written as ,

i At (w, k) = ﬁplqj(k) k2T (W) + - | (7.75)
which defines the radiative multipole moments [60]. From this definition it is straightforward to show
that the form of the total power loss remains the same, as in (7.31), but computed in terms of radiative

multipoles.

As an example, let us calculate the tail contribution to the radiative quadrupole moment. At leading
order in ) we have [28, 174-176]

(7.76)

. (d—4)/2 2
0 , (w+ie)? 2 11 72 203
= iAD k) x (iGx '“){‘mﬁ”} X{d—4_6+(d_4) )T

where dim. reg. was used to regularize an IR-divergent integral [28].2® There is a pole at d = 4, and once

again we introduced the (arbitrary) scale . The i.A() given by

1

A (w, k) = 5 i () P L), (7.77)
is the amplitude computed in terms of the source quadrupole. Expanding around e;g = d — 4 ~ 0, we
obtain 29

ij ii ) |2 w? 11
ID (w) =T (w) {1+ GyMw ( sign(w)m + ¢ | — +log —5 + 75 — — . (7.78)
ra €IR 7T,U,2 6

28 The factor of (w + i€)? is due to the choice of retarded boundary condition, whereas in [28] we find w? + ie, from
Feynman’s prescription. The difference is irrelevant for the total power, but affects the amplitude [78].

29 Note IR singularities are regularized with e;gr = (d—4)1r > 0, whereas for UV divergences we use eyy = —(d—4)yy > 0.
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For the power we need the total amplitude, A = A® + AM | (note only the real part in (7.78) contributes)

2 )

= 1+2Rew+... =1+ 27GNyM|w| + O(n?). (7.79)

A
A0

From this expression we can immediately compute the tail correction to the radiated power, obtaining up

to NLO [28]
tail 3/2 1 8191 583
Pait _ 1— o |20 2% :
o T 1 | 502 opVm| ) (7.80)

where we used the source quadrupole to NLO in (7.66) (also the 1PN correction to M, see (7.97) below).
The formula in (7.79) was derived from the quadrupolar emission, but in fact it is universal. Indeed, each
tail introduces extra factors of 2nGy M|w|. This is related to the cancelation of the associated IR poles,

which we discuss next.

7.4.2. Infrared Behavior: Sommerfeld Enhancement € Phase Shift

The previous computation entailed the regularization of an IR divergence. The reason is the presence
of a long-range 1/r potential in which the massless gravitational waves propagate. (This is analogous to
what occurs in Coulomb scattering in quantum mechanics [16].) However, the IR pole did not contribute

to the total radiated power in (7.79). This turns out to be the case to all orders in G, as expected.

At O(n™) one find the amplitude factorizes [28]

dd*lq i 1
Cn)1 @ 2k q

1
A = A0 x {—B%(GNMI#) / (7.81)

Then, using

/ddlql L1 (7.82)
(2m)d-1q22k-q  167|k|em’ '

we notice the IR poles wind up exponentiating into an overall phase in the amplitude, i.e. [28]

€IR

= 2GNM
S A = A© xexp (iGN w) : (7.83)
n=0

and cancel out in the total power. In this respect, tail effects are reminiscent of the factorization of soft

terms in electrodynamics and gravity [16, 222].

While the harmful divergences drop out, there are still finite terms (factors of 7) associated with these

poles, e.g. [223, 224]. This is the origin of the Sommerfeld enhancement at low frequencies

4G Ny Mw

Alw) = 1 —exp(—4rGyMw)

A(w). (7.84)
The alert reader will immediately notice that the IR singularity may still remain in the gravitational

waveform, as an infinite overall phase. (The reason can be traced back to the form of the radiative

multipole moments which now enter in (7.72).) However, because the divergence is linear in w, it is easy
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to see we can absorb the IR pole into a time redefinition,
ty = tren — 2GNM/EIR . (785)

The time t,e, represents the (renormalized) variable used by the experimentalists, and ¢, an unobserved
bare coordinate time. This shift is associated with a choice of time origin to start tracking the gravitational

wave signal, which is of course arbitrary.

The tail effect in the mass and current quadrupole contribution to the waveform then reads (we remove

the ‘ret’ in ¢ for notational simplicity)

T duw

o [utet e et (14 Gy Mwlm)| 1e(w),  (7.86)
s

2G N
(hif") pogas (trens ®) = *TAij,kl /

— 00

T 2GN T AW [ o iitien() ipean (o) ij
(BT e reno®) = == i [ 57 [—wRetten) givwn ) (1 4 Gy Mlw|m) | Jifo(w),  (787)
with [78, 174-176, 178, 179]
w? 11 w? 7
Otait(w, 1) = GNMw <log — +7E — ) y, Prail(w, 1) = GnMw <log — +7E — ) . (7.88)
T 6 T 3

The p dependence in the renormalized time ensures the final expression is independent of any particular

choice. A shift in p is absorbed into a concurrent time shift,

tren(f12) = tren(p1) + 2G N M log(pa /1) - (7.89)

A convenient choice is given by p = ws, the seismic cutoff frequency for earth-based interferometers [225],
which is then related to a reference frequency scale at “t,en, = 0”7, the time at which the signal enters
the detector’s frequency band. The onward time evolution is what corresponds to a measurable quantity.
Once a choice for p is made, the above expressions dictate how to correlate the predicted gravitational
wave evolution with experimental observations. Notice that the constants associated with the logarithms
in (7.88) are arbitrary. However, the difference is not, since we are free to choose p only once. The vg’s
are unphysical, but the rational numbers are non-universal, as can be seen from (7.88), and the difference

is thus measurable.

7.5. Renormalization

7.5.1. Quadrupole Moment

While one can show that the cancelation of IR singularities occurs to all orders, UV divergences may

still be present. That is the case, for instance, when computing the ‘tail-of-the-tail’ at O(n?) [226, 227]. %"

30 When IR and UV divergences are simultaneously present one has to carefully isolate the relevant regions. In particular,
one cannot simply set to zero scale-less integrals. Since we have, e.g. [155],

/ (;ljr;q% B ’ﬁ ((d*14)Uv 0 *14)111) ’

the IR singularity may be needed to cancel other poles, leaving behind a UV divergence in need of a counter-term.
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A detailed calculation using dim. reg. yields (d = 4 — eyy) [28]

A2
v

214 (1 2 472 634913
= 1427GyM GNM -1 — 4+ —1 . (7.90
+2rGaM ol + M) |35 (o= = v w22 ) + -+ ] (790
The UV pole in (7.90) must be subtracted away. This is similar to what we did in sec. 6.3.2, except
that now the coefficients of the effective action in (7.29) are time (frequency) dependent. Hence, we split

the quadrupole moment into a renormalized piece and a counter-term. The latter is given by, in the MS

scheme [28],
ij _ 107 1 ’
[3() = Za(@) () = — 1ok (GaMw)? | —— = 5+ log dm| x I, (w), (7.91)
105 (S9aV4
where I% (w) is the source quadrupole moment.

From (7.91) we can read off the renormalization group flow equation 3!

214

e Ldn(w, 1) = =155 (G Mw)* I, (w0, 1), (7.92)

ren

which leads to [28]

fég (GN MUJ)2 N
} 13 (w,10) (7.93)

7
I;gn ) =
(. 1) Llo

Then, the renormalized amplitude becomes

2
214 w?  4r? 634913

=1+2 M Mw)? |- log — + —
+ 27 (GNMw) + (GnMw) [ 08 0g4ﬂ2—|— 3 + 14100

‘ Aw) +OMP).  (1.99)

A0 (w, )

where A (w, 1) is now written in terms of IJ,

(w, p) such that the total expression is p-independent.
It is convenient to choose pu ~ w, where w ~ v/r is the typical gravitational wave frequency, while g is
the short-distance scale at which we perform the matching for the quadrupole moment, i.e. gy ~ r—1.

The renormalization group equation is then used to sum the series of so called ‘leading logarithms,” (using
f/po ~ v) [28]

2

Aw) 4% 91592 ,
’ft(o)(oj"uo) g o =1- 105 (GNM(U) lOgU + TM)(GNMW) (10g U) (795)
39201376

- Mw)8(1 3
3a7ag7s (CnMw) (logv)” +

31Tn d = 4 — e dimension we have for the bare quadrupole,

—2¢ Zet (W)
Ihwe(w) = ™2 =522 L (@) + (0.

Taking ,u% on both sides we get to this order,

)

i3 (w, ) = 22(@) i, ()

i d
0= I((J))( )+lu‘ ren(w lu) %”du
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Figure 9: The diagrams which contribute to 7°°(z), up to non-linearities at O(n). The wavy line are radiation
modes, whereas the dashed line represents the (non-radiative) 00-mode.

An explicit computation in [228], for a test particle on a circular orbit around a Schwarzschild back hole,
agrees with the expression in (7.95) for the leading logarithms up to order (GyMw)*(logv)?. In our case,
however, these never become too large since they come accompanied by a factor of n? ~ (GyMw)?. In the

3

PN regime we have n ~ v3, such that n? log(wr) ~ v® log v remains small throughout the inspiral.

While the full series of logarithms might not be phenomenologically relevant, it does contain impor-
tant information about the dynamics. The coefficients in the series of terms are universal, and a direct
consequence of the renormalization group flow. Their structure may be totally random or a consequence

of a deeper structure in gravitational dynamics. We will return to these issues later on in sec. 14.

7.5.2. Binding Mass/Energy

The binding mass/energy, M, which requires computing 7% (¢, k), is also renormalized by gravitational
non-linear interactions [30]. As we show here, this leads to a logarithmic correction to the binding energy
at 4PN order [114].

At leading order in the radiation zone we simply have the contribution from the one-point function,
shown in Fig. 9(a),
Totay (t, k) = (M (1)) (7.96)

Furthermore, to 1PN order for the sources we can also perform the matching, see Figs. 8(a-c), and obtain
M(t) =3, E.+ O(v?), where (similarly with 1 <+ 2)

1 1 Gng
E, = 14 w2 - —2<2 | )
1 =my [ +201 2:’31_:62'} (7.97)
The conservation of 7#%(z) thus enforces (M (t)) = 0. This is the case because (see (7.36))
iy = / x0T (t, x)x’ = / B TOt,x) =0 — T%t x) x 9'6%(x)
3 10 ~ d*x
&’z 9, T (x) = 0 — (M(t)) x Tl — 0, (7.98)

where we used 9263(x) o« 1/|z|, and dim. reg. to set to zero the divergent integral. Notice that, had
we used a cutoff in (7.98) we would have to absorb a time-dependent (power-law) divergent term into M.

This suggests the mass/energy can be itself time-dependent.

The non-linear gravitational effects in the radiation zone are shown in Fig. 9(b-c), to first order in 7.
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Figure 10: The diagrams which contribute to the renormalized energy/mass at O(n?). At this order, the factor of
M represents the leading order binding mass/energy of the system, since the time (and scale) dependence enters
at higher orders.

The stress-energy tensor acquires an extra piece [30, 229] (the (n) indicates the number of time-derivatives)

G
Tolo-cy (t: k) = < (t)+ ?N/ Iy + - > : (7.99)

The Ward identity gives us the quadrupole formula for the power loss, e.g. (7.30). We then obtain an

expected result, with the change in the total mass/energy of the binary encoded in the radiated power.

At higher orders we will encounter new type of non-linear effects. The relevant diagrams are in Fig. 10.

Isolating the logarithmic contribution the result reads [30]

dw1 dLUQ

1
T 018) = 122 G ) o) [ B B2 1 ) n) (whn + ot — i +1 22

(7.100)
Not surprisingly, the scalar integral, Iy(w), is the same we found in sec. 6.3.2, see (6.29). Using dim. reg.

we have,
1

Tolw) = 3272

1 2
[ — g+ logdr + 3 — log “2] +0(e). (7.101)
€U [t
The divergence is removed by adding a counter-term. In this case it can be absorbed into a ‘tadpole’

d _
_ 5 2:: Meo(w)hoo(w, 0) (7.102)

which at this order enters through Fig. 9(a). The counter-term is given by

1 2G2 dw1 dWQ
M (w) = — Ny [ 222
t(w) €uvy O < > 2r 2w

1
I (w1) 15 (w2) <w1w2 + 2w§’w§’ wiw2 +1 < 2> 0w — w1 —wa),
(7.103)
where the €yy includes the extra constants which are removed in the MS scheme, see (6.39). This leads

to a renormalization group equation for the renormalized binding mass/energy [30]

d 2G
pgy 08 Mian(t, ) = == (AP D1 1) = 20D O1] 0+ I O 1)) (7.104)
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Figure 11: At the short-distance scale, jo, we have Rs(po) ~ r (shown as a black disc). As p flows to long(er)
distances, p2 < p1 < po, the gravitational size of the system grows, r < Rs(u1) < Rs(p2), together with the
(renormalized) gravitational mass/energy: M (u) = Rs(p)/(2GN). Similarly for the multipole moments.

or, after performing the time averaging, [30]

d g g
by VoM (t,10)) = 2GR ( L9 (0, LY (0, (7.105)

The dependence in p on the right-hand side is due to the renormalization of the quadrupole, see (7.93).
An interpretation of the running of the binding mass/energy is depicted in Fig. 11. The solution to (7.104)
reads [30] (we drop the ‘ren’ tag below to simplify notation)

(2) (2) (2) (2)
(M(t,p)) 105 <[ij (taMO)Iij (t>N0)>_ <Iij (ta:u)lij (tnu’)>
Mt m)) eXp 4 — 57, . (7.106)

Then, using (see (7.94))

Aw)
‘A(O) @) =14+ 7Rs(p)w+ -, (7.107)
with
Rs (/L) =2GN <M(t7 :UJ)> ) (7108)

and setting u ~ w, we find a new series of logarithms [30]

R 1 1 (1560 L) o))
= +7T s w _
Ho 2 (M(t )

R2 (1) logw (7.109)

A(w)
‘A<0><w>

4 4
107 <Ii(j)(t7 no) I (¢, M0)>
420 (M (t, j10))?

(5) (5)
g 11449 <Iij (Luo)Iij (t,u0)>
132300 (M (t, j1p))?

R (10) (log ) RS (o) (logv)?® |

after choosing g ~ 1/r, such that log 1/ ug ~ logv. These logarithms are present in addition to those in

(7.95), which follow from the running of the quadrupole moment.

By inspection, we notice that the logarithmic contribution to the binding mass/energy is conservative,
since it enters as a total time derivative. Therefore, it can be absorbed into a redefinition of the binding

energy of the binary system, we shall denote as E. In terms of the variables we introduced before, see
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(7.64) and (7.65), we find [30]

A48
Eiog(x) = %1—51/“11‘ log z + - (7.110)

In this expression, the (v, pum) are defined at the short-distance scale in terms of Mien(o ~ 1/7).
The result in (7.110) is a 4PN correction [114]. We return to the origin of this term below. 32

7.6. Gravitational Radiation-Reaction

In sec. 3.2 we discussed how the optical theorem allows us to compute the total radiated power. Even
though we use vacuum ‘in-out’ boundary conditions —without outgoing radiation— the power follows from
Feynman’s prescription by calculating (twice) the imaginary part of the effective action, Im Wx,] (see
also the discussion leading to (7.30)). This procedure, however, will not account for the back-reaction
effects on the dynamics of the binary. The reason is simple, we do not allow for any radiation! This can
be immediately seen from the following observation [31]. Let us integrate out the radiation field in (7.28)

using the leading order quadrupole coupling,

-(2) G ) [ [ arrsorimeomae opme. (r111)

and the ie-prescription,

iWix,] = dt [ dt’ 19 ()1 (t ePo(t=— 0P 7.112
Wled = ~gig [ [ 5@ [ om0 B (1112

Notice that from (3.10) the Im W{z,] readily gives us the total quadrupole radiation, as expected from
the optical theorem, e.g. (7.30). On the other hand for the real part we find [31]

081 Lapio fu (v [ omg)
ReWlx,] = — dtI;;(t)I dss" [ PV ePof = — | | 7.113
[ Z i ) R (7.113)

n= 0 0
1(n,4,0)
where ‘PV’ stands for principal value. Only the I(5,4,0) = 2= survives, and we obtain
_ _Gn (5) 1
ReWlx,] = — T dt I (t)1;; (t) = -3 Ver(t)dt, (Feynman) (7.114)
with, the Burke-Thorne radiation-reaction potential [230, 231],
_ Gy i J (5)
Ver(t) = = x, (), (t) ;7 (1) - (7.115)

a

32 Unlike the ‘conservative’ binding mass/energy M (u), F is u-independent. However, by choosing p ~ w, we can trade
the logarithmic dependence into the renormalization group evolution, such that E = Myen (1 ~ w) at the radiation scale.
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At first sight (7.114) appears to lead to the correct answer. However, integrating by parts we obtain a

total time derivative which does not contribute to the dynamics,

Re Wz, x /dtj {1(2)1(2)} . (Feynman) (7.116)

LV

The resolution relies on incorporating causal propagation in NRGR, or in other words implementing the
‘in-in’ formalism [169, 170]. This was studied in detail in [31, 171- 173] In a compact notation the in-in
formalism entails doubling the numbers of fields, e.g. &, — {ma , L4 )} also for the metric perturbation,
and integrating over a closed-time path. This replaces the action in (1.1) by S — S; — Sa, and similarly

for the source term. We point the reader to [117] for a thorough review.

The computation in (7.111) is then substituted by

<1> <2Mpl) /dt/dt L (O (B (¢, 0) EG(, 0) I (t), (7.117)

where A, B = +, with ccf{” =

1 (xq M 4 m(2)) and 2§ = (:cfll) - :c((f)). The propagator in (7.117),

0 Aa v " —
AAB(y) — ) = avl@ =) ) (7.118)
Aot (2 — ) 0
replaces Feynman’s prescription. This guarantees that we enforce the correct boundary conditions [117].
The equations of motion are obtained from the effective action, Wz (i)],
SWzs)
% = 0. (7.119)
5-730, 27—
Hence, keeping only the term which does not vanish after setting (=) = 0, we get [31]
G i
WzF)] = 5N 1 ()17, (Retarded) (7.120)
(note this is already a real quantity in the in-in formalism), with
I” Zma ( U gl () 4 i) i (= (5” )l )> (7.121)

Then, using (7.119), we arrive at the desired result for the radiation-reaction acceleration [230, 231],

(aa),, = —LC;N @} () 17O)(1). (7.122)

From here we can also derive the quadrupole radiation formula, as an energy balance,

D) =D ma((ai),, va(®) = -

GTN GRRIOIERIONS (7.123)

with M (t) the binding mass/energy (the Noether charge in the ‘conservative’ sector).
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The previous steps can be generalized to all f-order multipoles,

W=y S 4 T (7124)

£>2 7L IL

B (-1 (1 +2) 2L(0+1) (2041) 2643y (20+1)
Wizk] = GN; —=n / dt (WI(L_)(t)I(LH D) + mJ{_)(t)J(ﬂ) o (t)) ,

incorporating radiation-reaction effects and total radiated power, at linear order in G in the far zone.

7.7. Interplay Between Potential and Radiation Regions

The gravitational radiation-reaction entails a subtle interplay between near and far zones, in particular
when the tails are incorporated. As we shall see, hereditary effects lead to time non-locality as well as both
dissipative and conservative terms. The latter includes a UV singularity —intimately connected to an IR
divergence in the near region— which requires renormalization. As a result, we recover the renormalization

group evolution for the binding mass/energy and the universal long-distance logarithms [32].
7.7.1. Time Non-Locality
The contribution from the tail effect to the effective action is shown in Fig. 12, yielding

—q? (w+i€)? — k% (w+i€)? — (k + q)?

Wean[zE] = / ‘21—: /k (MYTY (—w)IY (w) [hh®] . (7.125)

where [hh®] represents the three-graviton coupling between the radiation and background geometry. After

some laborious manipulations, we find [32]

w — wt g —w i w — —
iWean[z] = —i/% (d32(?2<_MQ>)2(dI_ §>(d)f1() ) [(d2 —2d+3)Iy — d(d%(jl)w% ., (7.126)

in terms of two integrals,

= L P[5 - yda
fo= (/k (w+i€)? — k2> T (4wt [~ (w +ie)?] ) (7.127)

Ry L TR e
o= /k (w+1i€)? — k2 /q [(w+ie)2 — q2]2 (4m)d1 [—(w +i€)?] . (7.128)

The result is UV divergent, and expanding around d = 4 we have [32]

W +1 N 6 7iJ iJ . .
ail [T — w 1_ —w)l w —— 1o — + 7 n(w . 7.129
t<1[ a] 5 / 2 ( )+( )|: (l 1) g'u2 ¢ Slg( ):| ( )

After removing the pole by a counter-term (see sec. 7.7.3) we arrive at

Wealed] = -2 [™ & (o i log 2 —imsignte]) . (710
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iw) M I

Figure 12: The tail contribution to gravitational radiation-reaction. The factor of M may be taken as the leading
time-averaged value, i.e. (M).

We can now Fourier transform from frequency space back to the time domain, obtaining

2 . t -
Wtail[wf} — 4:CTV]\[?<J\4>(]_D\/'\/dt I(_3)1] (t)/ dt/ 15(3) (t/) |:

t—t

]+ / dt 197 ()17 (1) log,u). (7.131)

(Note that the sign(w) in (7.130) is essential to preserve causality.) The expression in (7.131) can also be
written as

2 t -
Wiail[zE] = — 4G ) py / dt 1 (t / dt’ 177 (") og (|t — t'|) . (7.132)

This is equivalent to the results found in [111-113] (see also [177]).

7.7.2. Long-Distance Logarithms
After renormalization the effective action, W[zF], becomes a function of the renormalized potential,

Wia;] =/d—w(K[mf;w}—uen[xf;w,u]) —M/d‘” 6 1 (—w) I (W) log%—iwsign(w) ,

2T 5 2
(7.133)

where we also added a kinetic term. This expression leads to a modification of the dynamics which includes
both a conservative piece (from the logarithmic term) and a dissipative part (due to the sign(w)). The
latter is the only term that is not invariant under w — —w. Therefore, renormalization occurs in the
conservative sector while the non-conservative terms are finite at this order [32]. The p-independence of
the effective action gives us the renormalization group flow for the (renormalized) potential, in standard

variables, 33

0 0 2G3 (M g .
hon Wiz,]=0— "o Vien[Ta;w, p1] = %wﬁlw(—w)ﬂﬂ(u}). (7.134)
Fourier transforming to the time domain, we have
2G3 (M
Vi i = Venlasto o] + 22810 0) 1 1) 10 2 (7.135)
0

The equations of motion may be then written in the form of an energy balance,

2GR (M) . d , 2
Myen (t, 1) Zm“ o) Va - = %py(l)(t)/ 2‘“111(6)( w)et 1og% +-. (7.136)

33 Because of (7.119), the factor of 4log p in (7.133) turns into a 2log p when translating from zE to xa.
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The renormalized binding mass/energy, Men(t, 1), includes contributions from both Vien[x.;t, u] and
Klx,;t], and

: 4G4 (M) dw ;. i w?
(@) s (110 = X i) [ S 10O e 10g 2 (7.137)

is the conservative part of the radiation-reaction acceleration [32]. The ellipsis in (7.136) account for other

—non-conservative— terms, in addition to the one from the tail (see below). These may be obtained from
(7.124), as in e.g. (7.123), or using (7.30).

We can now average over a circular orbit such that,

- AGR (M) /. y
<Mren(ta :U/)> = _% <IZJ(1)(t)IZJ(6) (t)> IOg (/\rad/A) + (7138)
where we used w =~ (27)A_}}, see (7.66), and absorb the factor of 27 into u. Hence, applying the following
identity
1 6 d (. 1 4 2 3 3
101 = 2 (190150 - 19 019 0 + 315 015 1)) . (7.139)

on the right-hand side of (7.138), we find for the conservative binding energy:
2G3 (M
B = Mt ) + 2 (21010 0) — 21D (01D (1) + 1P DI (1)) 108 wsar). (7140)

This expressions yields, after choosing j =~ r =1, the correction proportional to logv in (7.110). Conversely,
at the radiation scale we have
E = Men(t, =20 (7.141)

Therefore, the same result follows from studying the renormalization group evolution for the binding

mass/energy,

d

d .
g (B = 0= pp g (Mo (1)) = —2G% (IPwIP ) . (7.142)

—1
rad

choosing p ~ A% and g ~ r~! for the matching scale. This agrees with the result in (7.105) [30].

The divergences in the computation of the tail effects are due to a 1/r long-range force. However, we
are deriving the tail contribution to the dynamics of the binary using a long-wavelength EFT in which we
shrunk the two-body system to a point. This transforms the IR behavior we encountered for the radiative
multipole moments, e.g. (7.78), into the UV singularities we find in radiation-reaction. An IR logarithm
(logr) is thus converted into a UV divergence in the limit the separation, r, is sent to zero, see Fig. 11.
This demonstrates a remarkable feature of an EFT framework, which allows us to use the renormalization
group machinery to resum logarithms, e.g. [155], as in (7.135) and (7.142). This analysis thus explain
the origin of the correction in (7.110) at 4PN order. Higher order terms may be obtained by including

tail-of-the-tails contributions.

In addition, the tail contributes a dissipative term through the 7 sign(w) in (7.130). Following a similar
procedure as in (7.123), and (7.136), we can readily obtain the tail correction to the total radiated power,
re-deriving the leading expression in (7.80), i.e. Piy/PLo = A7a3/?. As we discussed in sec. 7.4.2, this
makes manifest the important factors of 7, but now through the study of radiation-reaction effects and,

remarkably, without the appearance of the associated IR poles in the phase. See [32] for more details.

64



O Joy b WN

7.7.3. IR/UV Mizing

In order to arrive at (7.130) we need to add a counter-term, given by

- / Ve|xF]dt = € _14)UV QG%V5<M> / dt 17 () 17 (1) . (7.143)

The counter-term renormalizes the vacuum amplitude for the conservative sector in the near region, in con-
trast to the tadpole in (7.102). Notice the pole in (7.129) cannot be associated to the UV behavior in the
short-distance theory. The reason is twofold. First of all, UV divergences at the orbit scale are related
to finite size effects for extended objects, and renormalized through higher derivative terms in the point-
particle worldline action, sec. 6.5. Moreover, see sec. 7.2.4, the leading finite size effects for (non-rotating)
binaries enters at 5PN, whereas the above contributes at 4PN. Nevertheless, the UV pole in (7.129) arises
in a point-particle limit, the one in which the binary is shrunk to a point-like source by sending the sepa-
ration between constituents to zero. (This is shown with a double line in Fig. 12.) It turns out, however,
the wultraviolet divergence from the tail contribution to radiation-reaction is in fact linked to an infrared

singularity in the theory of potentials.

The presence of IR divergences in the potential region was recently uncovered in [110, 111] in the ADM
formalism, see also [112, 113]. The calculations in [110-113] demonstrate the existence of an IR pole in the
near zone which is intimately related to the UV singularity in (7.129) [32]. 3% The IR/UV divergences cancel
each other out in the conservative sector. (The same occurs in scale-less integrals, see footnote 30.) That
must be the case since there are no divergences in the full theory computation, which readily features a log-
arithm of the ratio of relevant scales, i.e. logwr ~ logv. These IR/UV singularities appear because of an
overlap between potential (log ur) and radiation (logw/u) regions. In fact, they are a symptom of double-
counting,® which introduces ambiguities. This led to the necessity, for the regularization approaches
advocated in [111-113], of input beyond the Post-Newtonian framework to complete the knowledge of the

conservative dynamics to 4PN order. (For instance semi-analytic self-force calculations, e.g. [236].)

However, this need not be the case, provided the double-counting is properly addressed. Within an EFT
formalism the overlapping is avoided by implementing the ‘zero-bin subtraction’ [237]. This removes the
IR divergences in the computation of the potential in NRGR, turning them into UV singularities which can
be removed by field-redefinitions to 4PN order. (At higher orders the zero-bin subtraction may be required
to obtain the correct renormalization group evolution.) The UV poles from the tails in the radiation zone
are handled by counter-terms, as in (7.143), and the renormalized potential in (7.135) is matched into a
(local) IR-safe quantity at the orbit scale. As expected in the EFT framework, the (universal) long-distance

L once the contribution in the

logarithms are present in both sides of the matching computation at p ~ r~
near region from the (long-wavelength) radiation modes is included, see sec. 6.6. Therefore, the results in

sec. 7.7.2 are not affected by the details of the matching across regions [32, 238].

34 While the renormalization methodology is scheme-dependent, the factor in front of the logarithm in (7.129) is physical.
(It contributes to the binding/mass energy.) The same factor is related to the coefficient of the IR/UV poles in dim. reg.

35 Something similar occurs in QCD, see e.g. [232-235].
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7.8. Absorption

In sec. 6.5 we constructed an effective action which incorporates the imprint of internal degrees of

freedom into the long-distance dynamics. At leading order in derivatives we write 36
So = / dt (Q(1)Eyy + QE(1By(1)) (7.144)

We then decomposed into background and response parts. The real part is responsible for tidal effects,

see (6.55). We show here the imaginary part accounts for absorption.

Let us consider gravitational wave scattering off a non-rotating black hole. From the optical theorem
we can obtain the absorption cross section through the imaginary part of the forward amplitude, with
|k| =W, [26]

QE(B) QE(B)

2 1 . —iw * i
O (w) = = X o Tmi /dte t [w4eij(k,h)ekl(k,h) <T( i7(0) ’g(t))> (7.145)
Pl

+ w2k x ¢ (kb)) (k x e(k, 7)) <T( 7(0) ’g(t)m .

The ¢;;(k,h) is the polarization tensor and (k X €);; = €pikre;;. (The 1/8 comes from expanding an

exponential to second order, as in e.g. (2.32), and using E;; =~ féﬁghij. Similarly for the magnetic term.)

Following the steps in sec. 6.5, see (6.53) and (6.56), we parameterize the two-point function as

2Im <z /dte’i“’t <T( i7(0) ’;:}(t))>> = Qi Im f(w). (7.146)

From here, and using the invariance under F;; — —B
obtain [26, 27]

ij, Bij — IL;; of the linearized perturbations, we

3

M

eft

Taps(W) Im f(w), (7.147)

for each polarization state. On the other hand, the low-frequency absorption cross section for polarized

gravitational waves off non-spinning black holes in general relativity is given by, e.g. [239],

1
Ohs(w) = Jedmriw?, (7.148)

in terms of the Schwarzschild radius, rs. Hence, after matching to (7.147), we read off 37

Im f(w) = 16G3m°|w|/45. (7.149)

36 Note we use a different normalization, see e.g. (7.29). That is because of the E «++ B duality we are about to use.

37 The absolute value takes into account the symmetries of the Feynman propagator, which is used in the optical theorem.
The imaginary part agrees with the choice of retarded Green’s function in (6.55) for w > 0, since Imf(w) = sign(w)Imf(w).
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Figure 13: Leading order contribution to the absorptive effects in the binary system. The cut represents the
imaginary part of the (T(Q¥QF)) correlator, which account for dissipation into the internal degrees of freedom.

From here we find the following scaling for the quadrupole moments,

(QeB)QE®B)) ~ Giymbw?. (7.150)

The result in (7.149) is universal, and therefore can be applied to more complicated dynamical situations,
such as the binary system. In such case, the (off-shell) potential modes become the long-distance gravita-
tional perturbation. We can power count the importance of dissipation in the binary’s dynamics. In the

non-relativistic limit we find, see (7.8),

/dt QU () Eij[H] ~ v*3/2, (7.151)
for potential modes (and similarly for the magnetic term). By rotational invariance, ( g) = 0, hence
the leading order absorptive contribution to Im W{z,] comes from a box diagram, see Fig. 13, and from
the electric-type coupling. Moreover, from (7.151) we conclude that the box diagram contributes at order

Lv'3 for non-spinning black holes [240]. The calculation is straightforward, yielding

mZ

2
8ME,

X <T( I(t1) 'g(a))>+m2+....

Wiz, =

/ dtydfydiodty (T(Hoot2) By (1)) ) (T (Hoo (1) Bu(R)) ) (7.152)

Then, using (recall for potential modes the ie-prescription is innocuous)

(T Hoo t,) By (0)) = —16=0(0) 4 (1), (7153)

with ¢;;(t) = % (8;; — 37;7;), we arrive at [26]

1 dw 5
Im Wz, = 5G?v ng/Q—Imf(a)(w) s @) + - (7.154)
a#b g
From here we obtain the (time-averaged) absorption power loss [26]

16 .
Paps = =G <§m2miq¢qu> : (7.155)
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For example, when we have a hierarchy of masses, m < M, and on a circular orbit, we get

32 2
Pays = - GimM? <:fg> , (7.156)

in agreement with the result in [240, 241]. We can now easily generalize the analysis to the case of neutron

stars [26],
(a)

dPnsabs 1 G INS,abs \W
NS,abs N <Z Ns’wzumilqij(w)lz>7 (7.157)
a#b

dw T 3272

where ong abs(w) is the neutron star’s cross section for gravitational wave absorption. Notice that unlike
the real part of the response, which contributes through Wilson coefficients which are constant, e.g. Cg
in (6.59) (with time and spatial variation associated with the scaling of the higher derivative terms), the
dependence on the internal dynamics in the absorption cross section enters as a function of the frequency. 3®
This offers a much richer spectrum of possibilities to probe the inner structure of neutron stars. We show

in sec. 8.4 these effects may be enhanced for spinning bodies.

8. Spinning Extended Objects in Gravity

In what follows we review the EFT formalism for spinning extended objects [5, 27, 71-78]. As we shall
see, the main advantage of an EFT framework is the introduction of an effective action from the onset. 3°
8.1. A Twist in Action

The equations governing the motion of spinning bodies in gravity are known as the Mathisson-

Papapetrou equations, and read [246-249]

DSHY
DT

Dp* 1
[— &) v 04,8
Dr 2R vap U’ S,

= plu” — utp. (8.1)

Here p* is the momentum of the particle (which is not given only by mu# /v/u2, see below) and S*# = — 582
is the spin tensor. To derive these equations from an action principle we introduce rotational degrees of

freedom in terms of a co-rotating frame, eﬁ, obeying

n' =elel g, nisele] = g - (8.2)

Notice the (I.J)-indices transform under a residual Lorentz invariance. We then define the angular velocity

tensor, 9, = —,,, which will pave our way to construct the Lagrangian,
Del . De! 5
Qu = emD—; = emuvvwel{ — ei = d—aﬂ = —Q#,,el . (8.3)

38 Dissipative modes are low-energy (gapless) collective excitations, as in e.g. a fluid [141].

39 See [242, 243] for an interesting alternative approach (based on the coset construction [244, 245)) for slowly rotating bod-
ies. For such systems, however, spin effects are highly suppressed in gravitational wave emission. The approach in [242, 243]
might be useful for other astrophysical processes, although both the action presented here [5] and in [242, 243] are essentially
equivalent in the Newtonian limit, in which rotation is described in terms of a 3-vector and S°* may be ignored (without the
need of supplementarity conditions, see below). The formalisms differ when relativistic corrections are incorporated.
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Along the spacetime worldline of the object, x%(o), the co-rotating frame is described by a time-dependent
Lorentz transformation,
e, (z%(0)) = Ag(0)ef (a(0)), (8.4)

A).

relative to a locally-flat frame, ej;, also obeying (8.2) (and as a rotation relative to a co-moving frame, €y

The action, including spin, is thus constructed as a function of these variables [5, 250, 251]

w p

S = /do L(z®, 2%, el el), (8.5)

following the long-distance symmetries in our problem, i.e. diffeomorphism, reparameterization, and local

Lorentz invariance.

In this formalism the spin tensor, and momentum, are defined as conjugate variables to the velocities,
oL = —ptd 1 SHYHQ
= —pou, — ) B (8.6)

with the overall sign related to the non-relativistic limit (with our set of conventions). Because of the

vanishing of the Hamiltonian, we then have, consistent with the symmetries, [5, 250]

L= —p'u, — %S’“’(Q)Qw. (8.7)

We introduce finite size effects momentarily. The Mathisson-Papapetrou equations in (8.1) follow from
(8.7), using (8.6), while enforcing the constraints in (8.2) [5]. Moreover, varying the action with respect

to the metric we can read off the point-particle stress-energy tensor [5, 249, 251],
04 (h — b 04 (gt — gt
150 = [ do oo TEZ) g, (Sﬂmum(wz(o»)] | 58)

9(x) 9(x)
From here, after imposing V,7*? = 0, we also recover the Mathisson-Papapetrou equations.

It is convenient to re-write the action in the locally-flat frame. We first introduce the local angular

velocity [5, 250]
1 DA}

QF" =nisAL Do’ (8.9)
with AL in (8.4). Hence, using the relationship 4°
eZegQ’“’ = Q%b + u“wzb , (8.10)
and defining S = eZe{’,S’“’, we find
1 1
L=—p'u, — §Sabm; — §wzb5abu“. (8.11)

This expression separates the kinetic part of the action from the spin coupling to the gravitational field.

40The w,‘jb are the Ricci rotation coefficients: wﬁb =ebV, e,
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8.1.1. Constraints & Spin Supplementarity Conditions

The dynamics from our action leads to a vanishing Hamiltonian, H = 0, which means evolution is

generated by first-class constraints [250, 252]. In our case we have (S? = $5*5,,)
Cy =p° —m?*(5%), Cy=85"S",. (8.12)

The first one, C7 = 0, encapsulates reparameterization invariance, whereas Cy = 0 is related to the choice
of e/=0 [5] (or in other words, the center-of-rotation of a spinning object (82, 83]). In what follows we
fix [5, 250]

%0) = d el=0="br 8.13
(o) =0, and e, o (8.13)

In addition, we also notice that an antisymmetric 4 x 4 matrix, S#, has three too many degrees
of freedom to represent the three necessary angles to describe the rotation of a body.*' Hence, the
above constraints must be augmented by extra set of conditions. We then implement so called ‘spin

supplementarity conditions’ (SSC) to reduce the number of variables.

The SSC are a set of second-class constraints [252], V# = 0, and the following [250]

View = S"pu, (covariant) (8.14)

cov
P
Do +m

Viw SHO . gHI ( ) ,  (Newton-Wigner) (8.15)

are often used in the literature. The Newton-Wigner SSC is enforced in the locally-flat frame, with

p* = e;p". Notice the SSC imply 599  §7ky¥  which suppresses the temporal component. In the rest

frame, rotation is thus simply described in terms of a spin 3-vector (with €,,,3 the Levi-Civita symbol)

1 I
Sp = %el‘aﬁusaﬁpy — Sk = §ekijS” : (8.16)

We also need the SSC to hold at all times, i.e. DD—‘;” = 0. For example, for the preservation of the covariant

SSC we require

1 1
P = i (p%a - 2R3VPUSO‘BSMU”) : (8.17)
m
This expression can be solved for p®,
a 1 « 1 af qpo, v

with m = m(S?), as in (8.12). The ellipsis include higher order terms in the spin and curvature. The rela-
tionship between spin and angular velocity can also be derived from here, following our choice of gauge [5].

Using (8.13), we find
Dp*
Do

1
= —Q"p, = _iRﬂwﬁuvsaﬁ, (8.19)

41 This is a common theme in physics, namely, in order to preserve the symmetries of the theory (in this case local Lorentz
invariance) we are forced into redundancies, and more variables than physical degrees of freedom are needed, e.g. [156].
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and, from (8.14) and (8.18), we get

2 1
g (f’(SQ)S,w + §Rum55aﬁ + - ) , (8.20)

with f(S?) = m?(S?). This expression was obtained by matching in the limit of a flat background, where [250)

Q= g £1(5%)S, . (Minkowski) (8.21)

Similar manipulations can be performed in the Newton-Wigner SSC. Although apparently more cum-
bersome at first, it has the advantage that it leads to a canonical (Dirac) algebra in the reduced phase
space under certain circumstances, unlike the covariant SSC (see below). In general, one can try solving
say for the covariant SSC explicitly at the level of the action, and arduously work out the transformation
to a canonical symplectic structure, e.g. [98, 253]. Since these are second-class constraints, one can also
simply implement the SSC through Lagrangian multipliers. The latter are fixed by the preservation of the

SSC upon time evolution. We pursue the second route here.

8.1.2. Routhian Formalism

The Lagrangian in (8.11) is a function of the angular velocity, L(z®,u®, Q%?), without explicit depen-
dence on the angular variables. This invites us to perform a partial Legendre transformation for the latter.
This procedure then introduces a Routhian [74] (see also [254])

1 1
~ R = =5 S’ — L= pu, + 5wt Suu (8.22)

The minus sign is for convenience, such that we retain the same rules for the spin-independent part. The

dynamics derives from,

0 dseb
i do = 2 _fgab . 2
W/R o=0, B (s R (8.23)
The relevant Poisson brackets are given by
{z", 8%} = 0, {P* S} =0 (8.24)
{Sab’ Scd} — nachd + nbdsac _ nadSbc _ 77chad , (825)

with P, = p#—i—%waSab, the canonical momentum. It is straightforward to show the Mathisson-Papapetrou

equations follow from (8.23). For example, using (8.25), the spin equation becomes

dsab

o = {V,5) = 4 geleytd

AR (8.26)

where the potential is given by V = —R. The reader may worry about encountering derivatives of the
spin tensor, S?, when computing the spin contributions to the gravitational potential. They appear, for
instance, through departures from instantaneity in the propagators. These time derivatives may be either

integrated by parts, or replaced using the lower order equations of motion prior to applying (8.26) [74-76].
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This simply amounts to a field redefinition, as it is often the case after removing terms proportional to
the acceleration from the effective action, e.g. [105, 106]. (This procedure has been used for instance to
prove the equivalence between the EFT and ADM calculations to 4PN order [98].)

We still need to enforce the SSC. For definiteness we work with the covariant version in (8.14). We pro-

ceed then to add a set of Lagrangian multipliers, A,, to the Routhian,
R — " 1 abg b4\ M 8.27
— p“#+§wu U 4+ Ay . (8.27)
The A, parameters are fixed by imposing the preservation of the SSC, V# =0, and we obtain [74, 75)
R = Vu? L b g put ! R POy S8 8.28
=—|m U+§UJ” abU "F% vapo U ug -+ |, ( )

after a field redefinition. This expression guarantees the SSC holds upon time evolution. Notice, as a
function of the velocity, the SSC involves an infinite series of terms from the relationship between p® and
u®, e.g. (8.18), which also contribute to (8.28). However, S*“u, ~ O(RS?), and moreover, the extra
terms are already coupled to curvature. Therefore, up to effects which are higher order in the spin and

curvature (encoded in the ellipsis), we can replace p* — u* in the covariant SSC.

8.1.8. Feynman Rules €& Power Counting

Armed with an effective action we can compute the gravitational potentials and multipole moments
which contribute to the total radiated power loss, now including spin effects. For that purpose we need
to work out first the power counting and identify the relevant Feynman diagrams which contribute to a

given order in the PN expansion. To derive the scaling rules we proceed as follows.

We are interested in compact objects, for which

Urot

Ig ~ mr? — S =IsQ~ Ig ~ MUpotTs < MTs , (8.29)

S

with sub-luminal rotational speed, v,ot < 1. Then, for maximally rotating bodies with v,y < 1, spin scales
as
Ts
S ~mrys=mr— ~ Lv, (830)
r

where L = mrv and we used rs/r ~ v2. To obtain the Feynman rules, we simply expand the spin-gravity

coupling in powers of the metric perturbation. Using
a __ 5(1 161/ v 1 1% o
e,u* ,u+§a(h,u71hah u)+"‘» (831)
we find up to quadratic order (see appendix B for a collection of spin couplings)

1
4M3,

1
2Mmp

1
Lopin = 020y hary gu” S + 5367 hy™ <2hm,u + hyn g — h,w> ultS® 4 (8.32)

When we expand expressions such as (8.32), we will no longer distinguish generic indices from those in

the locally-flat frame. Everywhere the spin tensor is defined with respect to the ey, locally-flat vierbein.
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8.1.4. Finite Size Effects

To incorporate finite size effects we introduce a series of Wilson coefficients. For the reader’s convenience

we reproduce some of the expressions from sec. 6.5. In a locally-flat co-moving frame we have, see (6.51),

1 g
Sor = 5 /dt Qe Ei;, (8.33)
at leading order in derivatives. The quadrupole moment is further split as, see (6.52),
5’ - <QiEj>S + 5)72 : (8.34)
background response

The response encodes tidal effects, (QZ) r

depend on the spin. For the background piece, unlike the case of non-rotating bodies, spin allows us to

o< E;;. This time, for rotating bodies, the Love numbers also

write terms which couple linearly to the metric perturbation. The first we find is the quadrupole moment
produced by the body’s own rotation. We parameterize the background expectation value as (the factor
of 1/m is for later convenience)

_ Cgpse

Q) Sk Gy (8.35)

(up to a trace which do not couple to E;;). Plugging this expression into (8.33), we obtain [5, 71, 75]

T 2m

_ CE5'2 4,.¢4 Eab(l') a qcb
Spg2 = o /da/d x8* (z — z(0)) i 5.8, (8.36)

where we have written the contribution to the action in a reparameterization invariant manner and in
a generic locally-flat frame, see sec. (6.5). It is straightforward to generalize the above expression to
incorporate higher order spin-dependent multipoles, QE(B’)" The Feynman rules follow by expanding

(8.36) in powers of hy,, [75, 77]. (See appendix B.)

To extract the value of C'gg2 we proceed as outlined in sec. 6.6. The calculation of the one-point
function (aka the Kerr metric) follows the same steps as in secs. 6.2 and 6.3. The topologies of the
first relevant diagrams are given in Fig 4 and so on, but this time with spin insertions. In addition, we

incorporate the contribution from (8.36). At leading order in Gy the S? dependence in

HOO
Mpy

QGNm

BG-7)?-3%), (8.37)

- 3
Kerr r

with |§| = S/m, is matched into the EFT contribution from the finite size term, with S; = %eijksjk,

(3(S-7)*—8?%). (8.38)

r3

Notice the matching is independent of the SSC. Comparing both expressions we conclude that CghSQ =1,
for rotating black holes. The above is nothing but the quadrupole moment of the Kerr spacetime, given
by: Q% = m|j|?> = S?/m. On the other hand, for neutron stars the quadrupole moment will be larger,

g2 ~ 4-8, depending on the equation of state and internal dynamics, e.g [255].
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The Cgg2 coefficient enters at leading order in the spin sector for maximally rotating bodies (see
below). Therefore, it offers an excellent venue to distinguish black holes from neutron stars, as well as
testing different models for the latter [202, 209, 256-259]. For tidal effects, on the other hand, the leading
order effects enter through a term similar to (6.59) via the spin dependence of the Cg(p) parameters.
Remarkably, as for the non-rotating case, the Cg(p) coefficients vanish for spinning black holes [260, 261].
That is not the case for rotating neutron stars, e.g. [260-263]. Because of the scaling of the spin tensor,
e.g. (8.30), tidal effects due to spin are suppressed in the inspiral phase. Tidal disruptions may, however,

become important near merger, e.g. [264].

Before we proceed, let us add a comment regarding Cggz2. As we see from the matching, this coefficient
is fixed in terms of the quadrupole moment of an isolated rotating black hole. Therefore, unlike the Cg
coefficient which enters as a response, the C' g2 does not get renormalized. This is expected from Birkhoff’s
theorem, and the fact the divergences arise from the point-particle limit. In other words, it does not depend
on scale, nor receive (classical) logarithmic corrections. Namely, it is a ‘self-induced’ finite size effect, which

may be generated, for instance, by implementing a cutoff regulator.

8.2. Gravitational Spin Potentials
8.2.1. Leading Order

The leading order spin potentials were obtained many years ago [80, 81]. For us they simply follow

from the one-graviton exchange with spin insertions, see Fig. 14, yielding [5]

VEO = GJ:;nzrj {S{O + 57F (vi — 21;5)} t1e2, (8.39)
G R .
Vi = (8182 = 3(51-#)(S2 7)) (8.40)
GN C(a)2 .
Va© = -5 > ﬁ [(82-3(S.-7)%)], (8.41)
a=1,2

at 1.5PN for spin-orbit and 2PN for spin-spin, respectively. For the equations of motion we use (8.23)
prior to imposing the SSC. For instance for the spin dynamics we get, with v = v1 — v,
dSl mQGN R

W:2 2 (P xv) xS+

mQGN
7“2

(Sl X ’f’) X V1. (842)

Notice the spin norm is not conserved. The more standard form follows via a spin redefinition [5, 76]

~ 1. 1. .
S| = (1 — 5’0%)51 + 5’01(’01 . Sl), (843)

a
n

leading order (see sec. 8.2.3). Then, from (8.42) we obtain the spin precession [82, 83]

where v7 is the velocity in the locally-flat frame, v* = e%v*, which agrees with the global PN frame at

dgl 377”L2 HmGN A o
o (2 2m1> 2 (F xv) x Sy. (8.44)
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S

(c) (d)

Figure 14: Feynman diagrams which contribute to the leading order spin potentials. The grey blob and black
square represent spin insertions and finite size effects, respectively. See appendix B.

The alert reader will immediately realize that applying the Newton-Wigner SSC (which reads 570 = 1 87ky*
at leading order) in the potential of (8.39) we obtain directly the result in (8.44).

8.2.2. Next-to-Leading Order

The NLO spin-orbit and spin-spin potentials enter at 2.5PN and 3PN, respectively. The topolo-
gies of Feynman diagrams are the same we find in the computation of the 1PN non-spinning Einstein-
Infeld-Hoffmann action, see Fig. 6. For illustration purposes, we display a sampling of the relevant dia-

grams in Fig. 15. In total, the spin potentials read [71-76]

Gnma i 3 1
VLo _ = [{510 (21;% —2vp - vy — 272(1,2 ) — 502 r) (8.45)
3(vy - 1)? i g
+ (2v1-v2+ % — 203 + ay ~r> S v

3 1 ; .
— (2 ——(va-7)’ + 502" r) Sl + 25V alvy -7 +r2SY a2} ¢

0 2 % 2 Q1. 2 Q1.
+ S ((’ul —vg)' vy T — Qaér + SPvivdvs - — 12 SY afvl — 3" Sljaé'uﬂ

G> ) ) g 5
+ ZT2TZ[—(m1+2mz)Si°+(ml—%)si] 1+ mQS” J}+1<—>2
G o o 1 o o o
Ve = Tg [(5” 37'P7) (510550 + 50 02518 S3F + vk SiESI™ — wiurSiESI™  (8.46)

+ 8085 (vk — wF) 4 Sk 810 (vl — vg)) 1 Lgpighi (3’01 Py - (09— 5P
+ 3w - PV 4 0i#) + Buy - PVl + 0iR) — viv] — ugv{) + (37lvy - 7 — vh) SOk Gk

M 2
+ (3o -7 - ull)sgksfl} + (CjN 3 G

) SUSkJ(ézk Ak,'gi) ,

(6]
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Figure 15: Sample of Feynman diagrams which contribute to the NLO spin potentials. We depict a non-
instantaneous correction to the vertex by a black dot. See appendix B.

a -
vio = ol o N2 [SJOS (37170 — 67) — 2850 ((wy x 8))F — B(# - vy) (7 x sl)k)} (8.47)
Gym 15 . . 13 3 7
+ Cg@ 217]: 2 [Sl ( (#-v1)? — 5T o v + UL V2 - 51;3 — 2'0%)
9 21 15
+ (Sl . 72)2 <2(’U% + ’U%) — ?’Ul Vo — ?’I" 1)17’ 1)2) + 2'01 . Sl’l}l . Sl

— 3’01'51’02'51—61?"’017@'51’01'Sl+9‘f‘~’02'f"51’01'Sl+3f‘~'vl’f"51’v2'sl:|

moG2 4m . G3m R
o CLTEEN (140 ) (81 - a(si A7) - X2 (1

+ SOlal(SO) 4+ v, X Sy - dl(SO) +1<2.

Notice we also included the contribution from (8.28) which enforces the preservation of the covariant SSC.

This is responsible for the two terms in the last line, where

3m2GN

ai(so) = myr3

[27@ (vxsl).ﬁ+f.v(ffaxsl)—vxsl}, (8.48)
is the leading order spin-orbit acceleration in the locally-flat frame, i.e. @ = v. Note, in addition, the
spin-orbit potential depends on the acceleration of the bodies. These may be removed by using the leading

Gle ~

order equations of motion, e.g. as = . Collecting all the pieces together the spin potential to 3PN

order is thus given by
3PN
Vipin = (8.39) + (8.40) + (8.41) + (8.45) + (8.46) + (8.47) .

To complete the calculation we must use (8.23) and afterwards impose the SSC. We apply the covariant

SSC, S*%, = 0 in a locally-flat frame, for which we need expressions in terms of the vierbein,

ep(z1) = 1—GNm2+--~, (8.49)
G G
k(zy) = —2= N2 §+—N(r><5’2) (8.50)
‘ . G
ci(m) = o (1+ NTm2>+ . (8.51)
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such that
N 2 : :
o7 = ) (1 + GNmz) B G]:m2 vy + %(f x Sa)7, (8.52)
B G
pa=0 _ (1 3 1\;m2> . (8.53)

The covariant SSC then has the form (e.g. for particle 1)

9 r

50 = <S1 y ”1) _ <1+ 2G1Vm2> (S1 X v1) —QGZ\;mQ (Sy x v3) + %V [S1 x (7 x S2)], (8.54)
1

where we introduced the notation (7 = §%. The position dynamics now follows from an action principle,

whereas the spin equations derive from (8.26), using
{81,87}y = —¢ikghk, (8.55)
(81,805} = _ikgOk
For example, for the spin-orbit contribution, writing (8.39) and (8.45) as
Vso = A9 -8 +wi® -8, +1 2, (8.56)

the spin equation of motion becomes

— WO x 8 + <Z§) x sl> x ASO (8.57)
1

as,
dt

This equation does not conserve the spin’s norm. However, we can make a spin redefinition which trans-
forms (8.57) into precession form [76]. We can perform similar manipulations to derive the full O(S;S2)
and O(S1S1) dynamics.

Notice once the SSC is enforced in the locally-flat frame, say for S§O) in (8.54), we generate a term
which depends not only on S; but also S, through the veirbein. This means the spin-orbit potential also
contributes to the O(S1S2) dynamics. This is one of the subtleties of dealing with spin degrees of freedom.

We elaborate briefly on this issue in what follows, see [5, 74-76] for more details.

8.2.3. Newton- Wigner SSC

It is straightforward to show that applying the covariant SSC from (8.54) into Vf;ff produces a potential
which requires a non-canonical algebra in order to obtain the correct dynamics. This is already clear at
leading order for the spin-orbit potential, and more so at higher orders. Hence, the convenience of having
a simple SSC is eclipsed by the necessity of a non-trivial algebraic structure in the reduced phase space.
While this is not necessarily a problem, since one can postpone the application of the SSC until the
equations of motion are obtained using (8.23), it would be perhaps desirable to work at the level of a spin
3-vector obeying a canonical algebra. We show here that enforcing instead the Newton-Wigner SSC, while

ignoring O(81(2)S1(2)) terms, we obtain a spin potential with a canonical symplectic structure [76].
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The Newton-Wigner SSC in the locally-flat frame is given by, say for particle 1, [76, 250]

0 R P
K _ 1]
Silow) = g Sitoow g 5
which is reparameterization invariant. In terms of the velocities we have
) 59 y )
S’LO _ 1 v Tl . 8.59
1(NW) 0 + /7{}%1& 1(NW) 0 ( )
Then, choosing ¢ = ¢, we obtain
so - 1 (g o 8.60
1(NW)  — — 1(NW) X E (8.60)

11— (%)
1

<

1 G .
= 551><v1+~~+27]\2’[31><(r><52)]+---.

We now apply the Newton-Wigner SSC directly in the gravitational potential. At O(S1.S2) this amounts to
first replacing the LO S%O) in (8.46), and secondly, inserting the term quadratic in spin from (8.60) into
the LO spin-orbit result of (8.39) [71-74]. At the end of the day the potential is given to 3PN order by
(removing the ‘NW’ tag on the spin)

3 R .
Vsl\éw = —277‘3 |:Sl . SQ (2’01 Vg — 3’01 TV T — ('U% + ’U%)) - Sl . v152 - U2 (861)

3
— 551'v252'01+51'0252"02+52"0151"1)1+351'7A'SQ'72(’U1~’U2+5’01"f"v2~’f’)
— 351-Ulsg"f"vg"f'—?)sg-vgsl"f"l]l"ﬁ—‘rg(’ngXSl)-’f‘(’UQXSQ)-ﬁ

3(’U1 X Sl) "f’('l)g X SQ) B 6(’01 X Sg) "f’('l)g X Sl) -7

+ 3('1]1><Sl)"f’('l)1><52)"f‘—§

G?\,(ml —‘r’ﬁ’lg) Gn

+ opd (551-52—1751'7252'72)—7

The equations of motion follow from a canonical procedure, e.g.

. OVRW
S, = SS
1T oS,

x 8. (8.62)

The precession equation is equivalent to the one from (8.40) and (8.46), after a spin redefinition [71-74].
On the other hand, using the decomposition in (8.56) and applying the Newton-Wigner condition from
(8.60), we have

1
VeV = —————————E(vfxl4$ﬁ-+w§0 81 +1e2, (8.63)
14+4/1— (vF)
with v = ;—é The dynamical equations follow via a canonical procedure, and are equivalent to the
1

derivation from (8.39) and (8.45) using (8.26), after a change of variables [76]. (The extra term in the square

root, from enforcing the SSC in the locally-flat frame, turns out to be essential to match both results.)
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The previous manipulations are very suggestive. In fact, we can add a few more words regarding
the choice of Newton-Wigner SSC in a locally-flat frame. The transformation between covariant and

Newton-Wigner SSCs in Minkowski space is given by [250]

m p- Scov . .
SN\w = —Scov + ——— P, Minkowsk .64
Nw = + Ho(Hy + 1) p (Minkowski) (8.64)
with Hy = v/p? + m?2. Then, using
02
p—m<1+2>'v+...,and p’=m? (v +ovt 4., (8.65)
we get for the map between SSCs in flat space,
v? 1 1 v?
=(1——=——Zv*+... — . 1+—4+...]. .
Snw ( 5 gV + ) Scov + 2v(v Scov) ( + 1 + > (8.66)

This turns out to be precisely the same transformation we find in general relativity, provided we replace
v — v¥ = ©/?° [76]. On behalf of the equivalence principle, it is indeed not surprising that the same
redefinition as in Minkowski space still applies, once re-written in a locally-flat frame. Hence, the Newton-
Wigner SSC allows us to reduce the number of degrees of freedom at the level of the action while retaining
a canonical structure. This result is also consistent with the findings in [265] for the Hamiltonian of a
spinning body in a curved background at linear order in the spin. The above manipulations are justified
provided we ignore O(S;(2)S1(2)) contributions. The latter are due to finite size effects, as well as SSC-
preserving terms, which we did not include. A more careful treatment is required in order to achieve a
canonical structure when these terms are added (see e.g. [266]). As we emphasized, we may also simply

enforce the SSC through Lagrange multipliers.

8.3. Gravitational Wave Emission

To include spin effects in the long-wavelength effective theory we proceed as follows. First of all, we
must add the contribution from the total angular momentum, L, to (7.29),

1 1 20
Sei = /dtvgoo [ = M(#) = 5w§" Lan(t) + > <0IL(t)VL—2Ei“n - ,JL(t)VL—zBi“u> } ;
\a !

(20+1)
(8.67)

where we used v* = §{j in the coupling of (8.11). The spin term does not radiate, but it sources the (static)
Kerr metric produced by the binary system. Secondly, the multipole moments themselves incorporate
spin-dependent contributions from the gravitational couplings. We review next the necessary ingredient

to obtain the NLO spin contributions to the gravitational wave phase and amplitude.

8.3.1. Spin Effects to Third Post-Newtonian Order

Spin-orbit effects in the energy flux at LO arise both from mass and current quadrupole radiation, and
yield 1.5PN corrections. Beyond LO, additional factor of v? may enter in different ways. We need the NLO

mass and current quadrupole, both without spin and at linear order. Moreover, we need the LO octupoles.
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O($) | O(Sa)
KEO mr? mrfvd | mrfo
Kgi mrfv | mrfv?

7.3

K, mrtv? | mrtod | mrfo

Table 1: Scalings for K", defined in (7.52), valid for £ > 2. See the text for a discussion of the necessary ingredients
to compute the radiated power to NLO including spin effects.

Since the leading tail yields a 1.5PN correction to the flux, we also have to include the tail contribution to
the energy flux linear in spin. Spin-spin contributions to the energy flux first appear at 2PN order, from
the current quadrupole. The leading mass quadrupole (at 1.5PN) already contributes in the energy flux
at 3PN in the spin-spin sector. Therefore, only the current quadrupole is required to NLO.

Besides, we also have multipole moments at O(S2). The LO contributions arise from finite size effects
in the mass quadrupole (2PN), which we need to NLO. The current quadrupole and mass octupole are
needed to LO, along with the non-spinning counter-parts. In our EFT there cannot be worldline couplings
at O(S1S2). Thus, the latter must involve potential modes. The leading contribution arises from the mass
quadrupole moment at 3PN. There is yet another contribution at O(S;Ss), which appears once the S is
replaced through the SSC in the leading order expression linear in spin. This is similar to what we described
for the NLO conservative dynamics. Furthermore, spin-dependence in the energy flux may always enter

from non-spinning multipole moments, but using the spin-dependent conservative equations of motion.

We now follow the same steps as in sec. 7.3. Namely, we compute all Feynman diagrams contributing
to TH(t, k) at the desired order. The topology of the diagrams is the same as in Fig. 8, but including
now also spin insertions from the point-particle sources. A sample of such diagrams is shown in Fig. 16

and the various couplings are summarized in appendix B.

Some of these diagrams, e.g. Fig. 16(a), simply consist on radiation modes coupled to the spin on the
worldline. For these terms there is no coupling to potential modes, therefore we use the point-particle

stress-energy tensor which follows from (8.32),

Tea(ta) > T (ta) =5 3 [t 0,54 — aa(e)) (SE (L) + SE @) . (8.9

a12

that is the linearized version of (8.8). In mixed Fourier space

T (k)= > SYikle ke (8.69)
a=1,2
. 1 . )
Tohp(t k) = Z (7 ik + S vL ik + S ik - vy — SO ) ke (8.70)
7’1 (k) % Z { (Sl + Sitvl) ik! + ik - v, (SVvl 4+ SYvl) (8.71)

Q0§ G050 QO G 0f i | —ika,
Sjv) — S v, — Stal — S al ve .
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Figure 16: Sample of Feynman diagrams which contribute to the NLO multipole moments. In total we need
diagrams with spin insertions as well as finite size effects. See [77] for more details.

The remaining contributions represent non-linear gravitational effects which arise from two distinct
sources. Firstly, we have radiation stemming off the explicit non-linear terms from the spin couplings
(schematically) SHh and S2Hh . Secondly, we have the three-graviton vertex, [H Hh], which follows from
the Einstein-Hilbert action plus a (background gauge) fixing term. The latter contributes in the spin
sector by coupling the potential modes to the spin tensors at the worldlines. In this case the radiation is

emitted off the binding mass/energy of the system.

To illustrate the procedure, let us calculate in somewhat more detail the contribution to the quadrupole
moment from the Feynman diagrams in Fig. 16(b-c). For the diagram in Fig. 16(b) we need the SHh

coupling, which requires the two-point function

1 —i . _ i Lt
(T{Hoi(z1,t1)Hoji(x2,t2)}) = §5ij5(t1 - t2)/ — (ig') e'r (=it mm2(t) — Z(WS**Q' (8.72)
q4q T
After summing over mirror images, we obtain
o Gn . L/ gy —ika
Tt (t k) = FZ((T x Sp) x 8y (—ikh)e~H®a (8.73)
a#b
i 2Gy N N —ikex
Tiewy (k) = —=5-> (Sa-Sp— 38, 7S, - F)e o (8.74)
" a#b
Hence, using (7.47) and (7.43), we find
i N 2N 16 il S, - Suriwl — (S.- Sy 3548, - 7) @ia) 8.75
16(5)*2 3 [ w TSyl — Sy - Sar'xl — (Sa - Sp — 387 b~r)a:aa:a]STF. (8.75)

a#b

Let us move now to the diagram in Fig. 16(c). To compute it we need the three-graviton coupling,
[H Hh(E)], combined for the temporal component and spatial trace. Then, after multiplying by the two
potential propagators, it reads

e
p? (k+p)?’

7

2ij 2 ij_ij
4Mp1[kk +2(p'K — k'p’)]

(T{ Hoi(p + K)Ho (p) [HHA(R)]}) = (8.76)
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The open indices

(T% 4 T 1500 (1, k) = / Kk 4 (pik? — k'p)]

must be contracted with the spin couplings on the worldlines, yielding

1 1 1
52

4ME p? (k+p)

Expanding to to second order in k, and performing the Fourier integration, we obtain

and subsequently

4G N
r3

_ ik
(T + T") 1600 (8, k) = SimSat (2™ — rmal) (ka ) +o

ij 2G ;s .
Ilé(c) = Z s [7" S, -8y — 28, - ’I’Sbr]]

a#b

STF *

8.3.2. Multipole Moments

Garnering all

ij
ISa,Sﬁ,SaSb

+

the ingredients we finally arrive at (in the covariant SSC) [77]

Z |:§('Ua x Sa)iwg - %(iba X Sa)ivg - g(wa X Sa)i${l

a

4d

o 1d2 (1 o
EvT {va g (Vg X Sa)zw{l} + ) {39:a vy (g X Sy)'xd

o . .5 .
4x2 (v, x 8o)'xd + x2(Sy x o) v] — é(fva X 8g) - xq m;xﬁlH
STF

2Gym o o o L
Z :;, b [(vb X S,) - r(xyx], — 2@, x)) + (vg X S,) - r(xyx), + xya])
a#b

22 {(’Ub X Sa)l(wi - 3331) + (7 x S“)i (vz - Ug B %(wi + w{))) H STF

2Si’kplcsgl(_pl _ kl)eip-wlefi(erk)-mg.

(8.77)

(8.78)

(8.79)

2 d o o o o
3 Z pr [GNmb {r2 ((wb X So)'@) — 3(xa x So)'x) 4 3(xp x Sy) @) — (€, ¥ Sa)zmi>
a#b

r3

2r - xp (r % Sa)i(:czl + w{)) + (g X Sa) wb(azfl:cfl — 233%,93{;)” <
TF

Chte [ i i 13 , 17 Ui 10

a

8 . 4 .
—x,Sla, S, + ?v;SflSa SV —

22 .
21 o5a5a ma}

21 %

C(b) My o C(b) Mg, o

—LS2 0 (82 4+ 9(Sy - 7)?) zhx] + 6-—LZ—"12S.S]
my my

STF

G
255

a#b

c® . o
(Esm (3(Sy-7)> — S7) + 128, - 7S, - # — 45, - S, | z,x!

my
C(b) . o C(b) “ o
4L2m35w2wi +4 SMSb r+28, 1| Sjx; )
my mp STF

82
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ij
JSG,,S2

a

ijk
Isa,sg

ijk
Js

a

3ei i O5) i i (22 5 3 i
5.5';1'@ + mLSz(va x 8,)'S) + S xl, <7v§ ~ 7Ga cca) — ?ugsgva g (8.81)

by

a

11, 2 .1 3 ;oo 11 -
—Slalx2 + =8, z,aiT! + —xixla, - S, — =8, v.vizl + —8S, - wav;vg} ,
28 7o 7 7 14 STR

Z NI [SSa cxp(zhx] — xhwl) + S, - o (22l 2) + xhx] — 3xThx]) + Siad (x, T — 6r7) :

3
s 2r STF
9 o o cla
Z [2('0@ x So)'wlal — 3(x, x 8y)vixk — 3:;—52sgsgx’; ) (8.82)
a @ STF
Z [a:flmiss]STF : (8.83)

Together with the non-spinning counter-parts [28, 77]

i
Ig

]
JS

ik
Ig

ijk
J$

3 Gymp\ ; o 1142 i i 4d Iy
(1 + 5”2 - XB: ) x,x) + B xowlx)} — 3q% {q vzl @] (8.84)

a TF
vg i Gymgmy i
Zma 1+ > [(Ta X v,)'x]] str T Z — [2(zq X vo)'T), (8.85)
a a#b
1 i.J ind ig o iayd
—Z(mb X vg)' T — —(Tp X Vo) T, + (T X v,)' ] + Z(sca X xp) v
—l—m(:c x xp)" (? —I—:ch)} + 1d Zm (o X v,) (3220 — ¢, - v2))
4r2 ¢ @ Tsre © 28dt |4 T ata e TaTa

Gymg ) )
+ Z Mw@(wa x xp)! (622 — Ty - @y + Tx}) ,

273
azb STF
Zma B (8.86)
Zma [(za % va)iwgw’;]STF ) (8.87)

these are the source multipoles necessary to include spin effects in the gravitational wave phase to 3PN

order. In principle we must also include the contributions from tail effects to the radiative multipoles.

This is required only to lowest orders, i.e. for the current quadrupole. The computation is straightforward

using the results discussed in sec. 7.3.6 [77], see also [179].

For the waveform the previous results are not sufficient. That is the case because the amplitude is like

taking the ‘square-root’ of the power. To compute it to NLO (2.5PN) we require a few more multipole

multipoles, most notably the NLO current octupole (also in the covariant SSC) [78]

Jijk

Z 2 [S;a:zzxs]STF + Z {—3 (vizixh (S, - v,) — v2Sixlal — 2vivizh(S, - x,) (8.88)

o 1. . o
2z v,)Sivizk) + —alzlxl (S, x,) - %Sl xixk(a,  x,)

a~a*va 6aaa a*“a*"a
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a“ra“"a 3 a ll(l a a~"a~a

+ z(aa S, )t x! x” —|—2:c2( LISk 4 & a7Sk)]
9 STF

G 1 4 o 1 . .
+ Z N [(r cx, — 8r?)Sixiah + 3 (:c xlzh — :r,za:im’lf) S, -r——xixirks, . x, ,

e a T4, aTo T, 5 o
Tk — 72 (va % So)'alalal, — 3(wq x So)vizhal|op (8.89)
Jiikl Z Sizlalzl] e - (8.90)

Jiktm - — 32 Sialabalal] o - (8.91)

8.4. Absorption & Superradiance

One of the most amusing new aspects which spin brings to the table is superradiance [267-272]. For
the case of gravity,*> the mass of a rotating black hole may decrease as a result of gravitational wave

scattering, when the following condition is met:
w—me <0. (8.92)

Here w is the frequency of the incoming wave, my the azimuthal angular momentum with respect to the
axis of rotation, and ) the angular velocity. The wave is thus amplified at the cost of the black hole’s

rotational energy. Our task now is to incorporate this effect into the analysis of sec 7.8.

In the case of non-spinning black holes matching is attained by comparison with the total absorption
cross section. However, for the rotating case, superradiance posses a subtlety to the application of the
optical theorem. The reason is that what is gained through absorption may be less than what is lost into

amplifying the wave. This leads to a negative value for the low-frequency amplitude (Gx = 1) [239]

Fecoinecomn = S8 At b (m2 = Da2li1 + (L — 1)a2)u’ (w — m) (8.93)
s=2,w,f=s,myg,h 295 7 14 * 4 * 4 y .
when (8.92) is satisfied. Here A is the area, and €2 ~ = is the rotational angular velocity, with a, = %

(Also, h = %2 is the polarization of the wave, and we display only the I = s dominant mode [239].)

In order to avoid dealing with negative ‘probabilities’, we use a basis of polarized spherical waves [273,

274]
1 ei(kr—wt)

om, = Yo (0, _ 8.94
w@mz ng( ¢) \/% r ( )
with Y, (9 ¢) the spheroidal harmonics [167]. Then, we decompose a h = —2 plane wave moving in the 2

directlon in terms of spherical modes. The coefficients are given by ;=2 = i\/2¢ + 1 [167, 273]. Keeping
only the dominant ¢ = 2 mode, the difference between plane and spherical waves becomes a factor of v/5

for each external state, altogether an overall factor of 5 [27].

42 Superradiance was first discovered in the realm of electromagnetism [267], and shows up in many examples [271] where
gravity does not play a role, although rotation (acceleration) is often present.
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The steps are now similar as before. We start by parameterizing the two-point function as*? [27]

i [ e (1@ 0K 0)) = Sl 0). (8.95)

where fs(w) is a function of the frequency. The tensor structure is slightly more intricate than before,
Sijrt = [0St + 0 Sk + 618 + 0kSa] (L 4+ agS% + ) + -+ . (8.96)

In this expression ay is a matching coefficient and the ellipsis account for higher non-linear terms in the

spin tensor. These can be shown to be suppressed at low frequencies [27].

We now match for the polarized absorption cross section. In the full theory (general relativity) side
we obtain

. 47
05, (w) = eriet(1+3a2)a, - (8.97)

whereas in the EFT (using k = w2, S - 2 = a,Gym?)

w3

oot (w) = Wfs(w)(l + a,G3m*a?)G ym?a, + - - -, (8.98)
Pl

after using the electric-magnetic duality, as in sec. 7.8.%* Inspecting both results we find

4 3
fslw) = —=Gym?, ay=—+H. (8.99)
45 miG3
Notice that at low frequencies f; is independent of w. Moreover, the imaginary part comes from the
contraction between polarization and spin tensors. This means the time dependence is entirely in the
spin, as we would expect. That is because it is the rotational energy which is extracted to amplify the

gravitational waves.

Let us power count the contributions from dissipative effects to the binary dynamics, this time including

spin effects. From the above expressions we have, in the non-relativistic limit, [27]
/ at (QE), . B™[H] ~ v/a, (1 + 3a2)0° (8.100)

This enters at order Lv'® through the box diagram in Fig. 13, displayed again in Fig. 17, which represents
an enhancement of three powers of the velocity parameter with respect to the non-rotating case [241, 275].
This can be directly associated to the presence of the superradiance effect, allowing us to avoid an extra

factor of w in the matching, see (8.93).

43 There is an important difference here with respect to the non-spinning case. For rotating bodies we found a non-zero
expectation value (Qg)spin o< SikSkj, see (8.35). Therefore, fluctuations must be defined with respect to the background,

ie. 6Q5 = ZE] — (Qg)spin. For simplicity, in what follows we will continue using the same notation as in sec. 7.8, but the

reader should keep in mind that the correlation functions are computed in terms of 5Qg [27].

44 FEven though the rotating background explicitly breaks the symmetry, since (Qg) vanishes for a Kerr black hole, it is
still possible to show that the linearized equations for the perturbations are invariant under the duality transformations [27].
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Figure 17: Leading order contribution to the absorptive effects due to spin in the binary system. The correlator
(T(QFQF)) now includes spin-dependent terms.

Computing the diagram in Fig. 17 we obtain for the power loss [27]

b 8 l-

Pe' = =g Grmim; <T8§> : (8.101)
where I = r X v, v =7, and

£=Y mis, (aib) + 3(a53’>)3) . (8.102)

b

For instance, we find

i 8 G§mSM?

spin —65# (a. +3a?) , (8.103)

for a rotating test particle (m, a,) moving on a circular orbit in the equatorial plane of a black hole of mass

M > m. Here w is the orbital frequency and ¢ = I - §. This is in agreement with the results in [241, 275].

As we did for the non-rotating case, we may also extrapolate our results to spinning neutron stars.
There are, nonetheless, a few caveats. First of all neutron stars are not maximally rotating, which was
assumed in the scaling law for the spin couplings. Therefore, there is likely an extra suppression factor
depending on the spin of the neutron star, e.g. [276, 277]. (We do expect, however, gravitational wave
emission from binary pulsars with sizable spins [278].) Furthermore, it is unclear whether superradiance is
even present for pulsars, and if so, whether it is as prominent as it is for the case of black holes. Therefore,
in practice, this is likely to impose an extra suppression factor. It is then reasonable to assume that

absorption effects for spinning neutron stars might not be as enhanced as for rotating black holes.

Another simple application of the formalism consists on considering slowly-varying time-dependent
backgrounds, described by time-dependent electric and magnetic components of the Weyl tensor. Following

similar steps as before we find [26]
Wiea) = 5 [ dndes (T(QE(0)QR 1)) ) [E () EM () + BB (1) 4. (s.100)
from which we obtain, for a test particle with parameters (m,a*), [27]
Pape = 48—5(1*(1 + 3a2)GLm? <<EJEZ n BijBﬂ) sjl> , (8.105)

with s;; = eiij'k. The time derivatives are defined as E*/ = el el v*VoEM, in a locally-flat frame.
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9. Summary of Part II

9.1. A Mamushka of EFTs

The dynamics of compact objects in a binary system and total emitted power follow from the effective
action,
Wzx,) = —ilog Z[x,] = ReW(x,] +i ImW(z,] .
— S——

binding radiation

By extremizing the real part,

52,00 ReW[z,] =0,

we obtain the equations of motion for the binary constituents, whereas via the optical theorem,

1 1 d*T

we get the radiated power, with dP = EdI". The computation of W{x,] proceeds in stages by integrating
out —one scale at a time— the short(er) distance degrees of freedom at the various relevant scales in the

problem: 771> =1 > A1

> Within the saddle-point approximation. Schematically,

S

o = [ DA D[ D e
At each step we construct a point-like effective action where only modes with k& < u are kept,

/D[u} e — etSert |

The latter is constrained solely by the symmetries of the long(er) distance physics. For the binary problem,

1 1
Sesr = /dT [—M(T) - 7wabSab(T)uH(T) + E (”IL(T)VL—QEUH'Z -
=2 N7

2/
9k IJL(T)VL—QBU1U>‘| )

20+1)

which describes a point-like object interacting with a long-wavelength gravitational field. The STF mul-

tipole moments are decomposed as

background  response

and similarly for J¥(¢). The response is further separated into (in frequency space)

I (w) = Re I5 (w) +i Im Ih (w) .
——— ———
tidal-effects absorption
The point-like limit introduces UV divergences which are regularized in dim. reg. Power-law divergences

are discarded. After renormalization through counter-terms the functions above depend on scale, u, and

obey renormalization group equations whose boundary conditions are obtained via a matching procedure.
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RG
flow

Multipole Moments

~ 1 Radiation Modes
p=r Matching
5 Bound State
(rs/r ~v%) Potential Modes
RG
flow

Point-Particle
~ 1 Wilson Coefs.
H =Ty Matching
Spinning
BH (or NS)

The EFT approach to the binary inspiral problem: One scale at a time.

o =~ r;t: The (M,S.) are the mass and spin of a black hole or neutron star. The <IL>S are

proportional to permanent moments, e.g. o S2. For the real part of the response we have (similarly

for th tic-t _
or the magnetic ype) ReIfg(w) _ Cg 2)VL—2E2'(_1¢@ (w) Foon

where Cg(_BQ)) are a series of Wilson coefficients (the Love numbers). The ellipsis include higher
powers of w. All of the C](;(_B%) vanish for black holes in d = 4. The imaginary part of the response

incorporates absorption and may be matched via low-frequency gravitational wave scattering.

wo~ ol

Matching for the binding mass/energy, total angular momentum, and source multipole
moments, (M, Sab, <IL>S , <JL>S), is performed in terms of moments of the (pseudo) stress-energy
tensor, T#(x). The latter is obtained after integrating out the potential modes. The background

field method ensures 0, 7" (z) = 0. The response parts would be relevant in an external field.

)\r;}i < 1 < r~!': We encounter non-linearities induced by gravitational tails which contribute to the
one-point function. These are responsible for the radiative multipole moments, and the —universal—
renormalization group flow in the effective theory, i.e. M (), I*(x). We find logarithmic corrections
to the binding energy and gravitational wave amplitude, as well as an IR divergent phase for the

latter. The IR pole is absorbed into a time redefinition which does not affect the physical waveforms.

These steps can be generalized, using the ‘in-in’ formalism, to include radiation-reaction effects. The tail
contribution entails a subtle interplay between potential and radiation regions, featuring time non-locality
and both dissipative and conservative terms. The latter includes a UV divergence which is linked to an
IR singularity in the near zone. The IR/UV mixing is a signature of double-counting. This is addressed
in the EFT by means of the zero-bin subtraction. The logarithmic corrections to the binding mass/energy

are captured by the renormalization group evolution.
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9.2. NRGR State of the Art

The daunting task of producing gravitational wave templates to high level of accuracy has led to decades
of arduous —yet outstanding— computations, see e.g. [49, 60, 115] for a complete list of references. In con-
trast, the EFT approach to the binary inspiral problem was developed some ten years ago [3-6]. Since
then, the gravitational potentials for non-rotating objects were reproduced to NLO (1PN) [3], NNLO
(2PN) [105] and NNNLO (3PN) [106]. Most of these computations were carried out using the metric
decomposition introduced in [215]. Currently the derivation within NRGR of the NNNNLO conservative
dynamics at 4PN order is underway [107]. The (partial) results reported in [107] are in agreement with the
(local part of the) full 4PN Hamiltonian, recently completed in [108-113] within the ADM and harmonic
frameworks. (At the moment, the disagreement between these two computations has not been resolved
[112, 113]. This highlights the importance of independent methodologies.) In the radiation sector for
non-spinning bodies, the radiated power loss was re-derived to NLO (1PN) [28] and NNLO (2PN) [279],
which is nonetheless still behind the highest PN calculation at NNNLO (3PN), e.g. [57].

The EFT approach [3-6], on the other hand, has played a key role extending the state of the art knowl-
edge of the binary’s dynamics and emitted power for rotating extended objects. The NLO spin-spin poten-
tials were computed in [71-75] to 3PN order. These results were also obtained using the ADM formalism
in [88-93], and more recently re-derived in [94] in harmonic gauge [60]. The NLO spin-orbit potential at
2.5PN was computed in [76, 79], and shown to agree with previous calculations [85, 87]. The conservative
effects to NLO were reproduced in [280-282] using the EFT framework of [3-6, 71-76], but applying the
decomposition in [215] together with some technical tools for implementing the SCC. The radiative multi-
pole moments needed to add spin effects in the gravitational wave phase to 3PN order appeared in [77], and
in [78] for the gravitational waveform to 2.5PN order. The former were also re-derived in [94], although
the comparison is pending. More recently, the EFT formalism has been used to calculate the NNLO spin-
orbit and spin-spin gravitational potentials at 3.5PN and 4PN order, respectively [95-98]. These results
were computed with more traditional methods in [99-101], except for finite-size effects, which are more
efficiently handled in an EFT framework [3—6, 71-76], now broadly adopted. An effective action approach

has also been used to incorporate leading order effects cubic (and quartic) in the spin [102-104].

NRGR was extended to the study of gravitational back-reaction in [31], developing the in-in formalism
in a classical setting [172, 173]. The computation of the radiation-reaction force to 3.5PN order for non-
spinning bodies was carried out in [171], and shown to agree with previous results [283-285]. In [32] the
non-local (in time) term in the effective action, discussed in [111-113], was re-derived. (This calculation was
also investigated in [286].) For more details on radiation-reaction effects (and extreme-mass-ratio inspirals)
see [117]. Finally, the presence of logarithmic corrections to the binding potential and mass/energy at 4PN
order [114, 221] was re-discovered in [30, 32], as a consequence of the renormalization group structure of

the effective theory. The issue of IR/UV divergences and double-counting was addressed in [32, 238].

Presently, in addition to assembling all the necessary ingredients to complete the gravitational wave
templates to 4PN order and beyond, the main efforts in NRGR have shifted toward more efficient ways to
organize the computations, as well as implementing non-perturbative methods. A line of sight in this di-
rection was advocated in [125], using the ultra-relativistic ‘large-N’ expansion (see e.g. VIL4 in [156]), and

in [102, 287] using so called on-shell methods, e.g. [288-297]. We elaborate on future directions in sec. 14.
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Part 111
The Effective Theory of Cosmological Large

Scale Structures

Introduction and Motivation

The discovery of the present acceleration of the expansion of the universe [298, 299] has motivated ex-
tremely ambitious observational programs to make very precise measurements of the evolution of large scale
structures (LSS), e.g. [300, 301], with the goal of constraining the nature of dark energy [302, 303]. More-
over, after the outstanding results form the Sloan Digital Sky Survey [304-306], the Planck satellite [307—
309], and unprecedented sensitivity to B-modes by the BICEP2/Keck experiments [310], future surveys
will become leading probes to infer properties about the initial seed of structure formation [311, 312].
For instance, the current bounds on primordial non-Gaussianity [308] are still above well-motivated phys-
ical thresholds, e.g. [313-319]. The study of structure in the universe then provides a venue to improve
on our present understanding of cosmology and address the origin of both a late and (very plausibly)
early phase of accelerated expansion [320, 321]. The combination of vast amounts of new data, together
with the fundamental questions it may shed light upon, has therefore reanimated efforts to make precise

theoretical predictions for the dynamics of LSS, e.g. [322].

Similarly to the binary inspiral problem, numerical methods occupy a prominent place in the study of
LSS, e.g. [323-328]. In fact, a universe filled with cold dark matter can, in many respects, be considered
a solved problem. Ignoring short- and long-distance relativistic corrections, simulations can in principle
run with exquisite control of the numerical outputs. There are, however, a few reasons to adopt instead
—when possible- an analytic framework, or at least a hybrid approach. First of all, numerical simulations
including baryonic matter are currently challenging. Secondly, simultaneously scanning over a large space
of parameters, and a wide range of scales, becomes computationally expensive the more precision is
targeted. (See [329] for a recent critical assessment of their ultimate feasibility and level of accuracy.)
Perhaps more importantly, even for cases with only dark matter particles, an analytical understanding of
the dynamics can lead to practical improvements. A well-known example is the reconstruction technique
for baryonic acoustic oscillations (BAO) [330-333]. Presently, reconstruction is performed using linear
theory or Zel’dovich approximation [334]. On the other hand, a more accurate technique will ultimately
lead to better bounds on dark energy. There is then still room for improvement by having analytic control
over the imprint of non-linear modes at BAO scales. Furthermore, the more modes amenable to an analytic

treatment the more accurate the constraint on observables, such as primordial non-Gaussianity.

The recent main focus of analytic studies in LSS can be thus broadly classified into two categories:
e The impact of IR/UV fluctuations on modes around the scale of the BAO.
e The realm of validity of perturbative methods.

The influence of soft modes has been studied from different perspectives, most notably using symmetry

arguments (equivalence principle) as well as incorporating resummation techniques, see e.g. [153, 335-350].
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On the other hand, the development of the EFT of LSS has emerged as a powerful tool to parameterize the
influence of UV modes on long-distance observables, and push the validity of perturbation theory towards
short(er) scales [151-153, 351-379].

Perturbation theory for LSS has a long and distinguished history, both Eulerian and Lagrangian space,
e.g. [334, 380, 381]. It has been extremely successful at describing dark matter clustering at linear order
in density perturbations, e.g. [381]. However, computations beyond linear theory, or so called ‘loop
corrections,” are not under theoretical control. 4> The origin for the failure of standard perturbation theory
to describe the correct dynamics can be isolated in a simple example. Namely, an Einstein-de Sitter (EdS)
universe *¢ with power-law initial conditions: Pp o< k™. Already at one-loop order the power spectrum is
UV divergent, unless the spectral index is bounded: n < —1 [381]. (There is also a lower bound, n > —3,
related to IR divergences.) This is the case even for very soft external momenta, where perturbation
theory is expected to work. To produce finite answers thus requires the introduction of an (arbitrary) UV
cutoff, the existence of which results in lose of predictability in the standard approach. As we shall see,
like in the binary problem, the sensitivity to a UV cutoff signals the need of counter-terms, together with
renormalized —finite size— parameters, leading to a modification of the standard perturbative approach.
This is the origin of the EFT approach to the dynamics of LSS [151-153]. For the case of our universe,
perturbative computations are not strongly UV-sensitive. Hence, with few exceptions [383], the field has
ignored these issues. However, in the era of precision cosmology, the infinite error produced for the simplest
of all universes is telling us that the standard approach —while finite— still does not capture the correct

imprint from non-linear modes in the dynamics of LSS, in contrast to the EFT formalism.

The effective theory is naturally formulated in Lagrangian space, LEFT [153], as the continuum limit
of NRGR [3]. There are, nonetheless, a few crucial differences. In NRGR terms proportional to the Ricci
tensor and scalar can be removed by a field redefinition. In the continuum limit, however, different regions
overlap, therefore these terms turn out to be important for the consistency of the theory. Moreover, since
typical frequencies are of order of the Hubble scale, which is also the IR scale in the problem, there is no
decoupling in time [153, 355, 356]. Hence, while at the level of the effective action locality is manifest, in
time and space, the response functions display time non-locality and depend upon previous values over
a Hubble period. For non-linear modes, on the other hand, the typical momentum is kyy 2 knp > H.
There is then a separation of scales in space, which is amenable to an EFT treatment. At a given soft
momentum, k, the effects from UV physics may be then parameterized in powers of k/kxy. Finally, the
EFT of LSS is stochastic in nature, since we only have a statistical description of the initial conditions,
plausibly originating from an early phase of accelerated expansion [320]. This is, after all, how LSS carries
information about the early universe. This means we will not only have background values and response
functions, we will also need stochastic terms. The latter plays an important role in the matching procedure
as well as in the regularization of would-be divergences of the standard perturbative approach. In what

follows we review the the basic elements and virtues of LEFT [153].

45 The loop integrals are due to the (iterative) perturbative approach and stochastic nature of the initial conditions [381],
rather than intrinsic quantum effects as in quantum field theory [156]. To date, computations in Euler space have been
carried out to three-loop order [382].

46 An EdS universe is a matter dominated spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmology.
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10. Pitfalls of Perturbation Theory

Lagrangian-space computations present a series of advantages, e.g. [384-387], which also motivated the
construction of LEFT. However, the same type of UV divergences in Euler space are found in Lagrangian
perturbation theory (LPT). We will use then Lagrangian space as our arena to pinpoint the stumbling

blocks in the standard perturbative approach, and also later on for the development of the EFT framework.

10.1. Lagrangian-space

In LPT one solves for the displacement of the (dark matter) particles,

z(q,n) = q+ s(q,n), (10.1)

labeled in terms of a continuum variable, q. The equations of motion are [381]

d’z'(q,n) |, dz'(q,n)
: : = —0;® 10.2
d772 +H dn 1 [Z(q, 77)] ) ( )
2 3.2
where the density perturbation is given by
. 7 -1

1+ 8(z,n) = /dsq 8Bz — 2(q,n)) = [det (1 + gT)] . (10.4)

Here 7 is the co-moving time, H = aH, and Qj; = Sggév pm(n), with pps the average matter density.

The equation for the displacement is solved iteratively. Working in Fourier space (with respect to the

g-variables), we find

s(”)(k,n)ziD;(n)/ / (2m)36% (ky — k) L (Key .. ky)do(Ky) . .. 0o(Kn), (10.5)

n

with 6o = 6(no), ke = D1y ki, and D(n) is the linear growth factor (normalized to D(ng) = 1). The ex-
pressions for the L(™ can be found in e.g. [368, 388]. From here we can compute the n-point correlation

functions, e.g.

(si(k1)sj(k2)) = —(2m)°8° (k1 + k2)Cij (K1, ka) (10.6)

<Si(k1)8]‘(k2)sl(k3)> = +i(277)3(5(k1 + kz + k3)Cijl(k1, kig, ki3) N (107)

which entails convoluted integrals with the power spectrum. In a scaling universe, the density power

spectrum at linear order is given by,

Pr(k,n) = Am)k" =2 (10.8)

where k = |k| and A(n) = A(no)D?(n).
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P L L2 Ly

Figure 18: Diagrammatic representation in perturbation theory to one-loop order, e.g. [381, 388].

To one-loop order we find for the two-point function, [389]

O (k,—k) = *k;:jPL(k)v (10.9)
P (k,~k) = —;—Sk;]ijl(k% (10.10)
CiV(k,~k) = CV(k, k) :—%"’;{fﬂ' L (k) (10.11)

whereas for the bispectrum,
[eiP e pp—ty = 5 (FERE® 2R s ) 0012
pcff}n(k,—p,p—k) = i(_ki:‘ékz(Ql(k)+2Q2(k))+6ﬂI’ZQ1(k)), (10.13)

and Ci(jllm) = C’i(jllu). The diagrammatic representation of these contributions is shown in Fig. 18. The func-

tions on the right-hand side read

3 o0 ! (T,
Qn(k) = 2 ), dTPL(kr)/_ldeL(kr)M7 (10.14)
R.(k) = PL(k)% /0 N dr Pp(kr) Ry (r), (10.15)

with R, (k), Q. (k) given in e.g. [389]. In the UV limit we have @, (r — o) o 72, and

- 16 ~ 4

Ri(r — — —, Ra(r— —+ ——.
i{r = 00) = 75, Ra(r = 00) = —7

Notice R, (k) depends explicitly on the linear power spectrum, Pp(k), which is still perturbative for

k < kni. However, there is a UV divergence when n > —1, which is sensitive to an integral over hard

modes. Implementing a cutoff, A, we find
8 1
Ry (k) = ok*PL(R)R (), Ra(k) = =Ry (k) , (10.16)

where we introduced 47
An+1

= 10.17
kat™(n+1) ( )

2 1 A
B =55 [ o PO
™ Jo

47 In (10.16), the li accounts for the highest power of A. For n > —1 we will find also lower powers. We will keep only
this divergent piece in what follows. Needless to say, the counter-terms can be adjusted to remove all positive powers of A.
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On the other hand, the terms which depend upon Q2 lead to divergences which scale as k*A*"~! in
the displacement power spectrum, and more importantly are not proportional to the linear Pp (k). As we
shall see, both these divergences will be handled by counter-terms in LEFT. The former through response
functions, as tidal effects, whereas the latter will introduce a novel feature in the theory: stochastic terms.
Since there is no dependence on the soft power spectrum in (10.14), the renormalization through stochastic

counter-terms involves ‘contact’ interactions. 48

Notice that at one-loop order the above integrals converge in the UV, provided n < —1. Because of
the shape of the power spectrum, the same happens for our universe. There are no divergencies in the
loop calculations in the real world and the integrals converge simply by the lack of power on short scales.
The problem, however, arises when perturbation theory is used to describe short scale fluctuations for
which |6(k)| has become large. The hard and soft modes couple through non-linear interactions as the
loop integral covers all momenta, hence the error on short scales pollutes long-distance observables. The
failure of standard perturbation theory cannot be fixed by a resummation approach. This is clearly seen

in a simple example.

10.2. Spherical Model

Let us consider an in-falling set of particles which starts homogeneous at ¢ = 0. Then, at time t = ¢,

collapses to a point, z., and subsequently bounces back at a constant speed. This process is described by

z(q,1) :q—(q—zc)i — 3(g,t) = —(q—zc)i7 (10.18)
with the density contrast
L+ 0(2,t) = iy - (10.19)

The perturbative approximation amounts to finding a solution of the form (co = 1)

1 +25<1 x,t) = ancz (t/te) (10.20)
=0

to n-th order. Notice, as t — t., more and more terms are needed and the series diverges for ¢ > t.. The
failure to describe the correct dynamics is due to a pole at ¢ = ¢, in the exact solution in (10.19). In

general, the series will not converge beyond a circle in the complex-t plane of radius [¢| = ¢..

The above case is somewhat pathological, let us consider instead the time-reversed solution,

2(¢,t) =q+(q—2)f — 1+6(z,t) = ﬁ , (10.21)

which describes innocuous-looking out-flowing matter with a smooth density perturbation é(x,t). One may
think this case allows for a perturbative expansion, as in (10.20). However, the exact answer still has a pole,
now at ¢ = —t.. Hence, the series does not converge beyond |t| = t. either. This is somewhat counter-

intuitive, the dilution process becomes highly non-trivial in the perturbative expansion with more and

48 For a scaling universe, instead of a cutoff we may use dim. reg., see e.g. (153, 352, 381]. However, in the real universe
the shape of the power spectrum does not allow for a clean analytic implementation.
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more terms needed for ¢t < t.. This very simple example underlies the complications of the perturbative
approach. We can highlight these issues more explicitly in LPT by studying a spherical model, e.g.
[380, 390, 391].

Let us consider a spherical shell of radius r(a) = |2(q, a)|, initially at rq = |2(q,0)| = |q|, with a(n)
the scale factor we may use as a clock. In a matter dominated universe the gravitational potential is given

by Poisson’s equation in (10.3), ®(r) gé(a), 19 and following mass conservation we have
(1+6(a)r® =ry. (10.22)

The equation of motion for the position of the shell can be solved for an initial over-density, §o > 0, and

may be parametrised as [381]

r) = %%(170059), (10.23)
2/3
(8) = g(i(@—sin9)> , (10.24)

where ¢(0) = dpa(6). The density contrast follows from (10.22)

(0 — sin6)* .

cosd— 17 (10.25)

9

144(0) =

+8(0) =

Like before, the over-density case is singular due to the inevitable collapse of the spherical shell. On the
other hand, the under-density solution obtained by replacing ¢ — —e never becomes singular.’® On the

contrary, the total density (1 + 0) becomes smaller and smaller with the asymptotic value § — —1.

The perturbative solution can also be constructed in LPT. For example, using (10.22) up to third
order, one finds [381, 391]

3 -3
} 13, 23
1 W = (1 Ze— 2222 3 . 10.2
+; ( 37 21° T 1701° (1026)

It is straightforward to show the perturbative solutions fares well at early times. However, once the density
falls under a critical value, §. ~ —0.7 [391], the accuracy degrades the more LPT orders we add. The linear
theory becomes the most accurate approximation to the exact solution. One can show that the situation

is even worse, with pathological 63 LPT terms predicting collapse for the under-density situation!

In this case the reason for the failure of LPT is the presence of a singularity in the spherical collapse
model, which also enters in the time-reversed dynamics. Since our universe is bound to be significantly
more intricate, this simple example then demonstrates that perturbative schemes cannot correctly describe

the dynamics when ¢ is large, and resummation techniques cannot remediate it.

49 Since the linear growth factor is given by D(a) ~ a [381], the potential is time-independent at leading order.

50Tn terms of the parameterization in (10.25) the under-density solution is found by replacing 6 — 6.
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11. Effective Action: Continuum Limit

As we discussed in the previous section, computations with (10.2)-(10.3) require introducing a cutoff
in order to keep the perturbative expansion under control. In coordinate space, this entails working with
smoothed displacement fields, zy(g,7n), which describe the motion of extended objects interacting with
long-wavelength gravitational perturbations. In part IT we studied at length the implementation of an
EFT for extended objects. However, because of the continuum limit, a few extra ingredients appear here

which we did not encounter before for the binary problem. We review LEFT in what follows.

11.1. Dark Matter Point-Particles

Let us consider a set of ¢ = 1...N point-like dark matter particles interacting gravitationally, in a
FLRW background dominated by a dark matter component (and in principle also with a cosmological

constant). The equations of motion follow by varying the point-particle action,

St =D mg / dx dng 6% (@ — 24(ng)) g (1) (1) (ng) (11.1)

The zé‘(nq) are the co-moving coordinates for the g-particle and dots are taken with respect to n. In what

follows we set 2% = n(t) and n, = n for all particles. We now take the continuum limit over the g-index,

Sy [ pretm)a* ) g = [ prutna*) da. (11.2)

with par(n) = ,EM(nO)af—(%I). Then, the point-particle action becomes

S = —/d?’w d*qdna’(n) p(2(q, 1), ) \/guu(wm)é“(q,n)é”(qm)» (11.3)

where we introduced the mass density per unit of g-cell,

p(z(q,n), ) = pm(n) 6*(x — 2(q,n)). (11.4)

For latter convenience we also define the density perturbation,
5p(z(gq,n),x) = pu(n) [6°(x — 2(q,n) — 8°(x — q)] . (11.5)
In the Newtonian limit we have (in co-moving coordinates)
Guvdatda’ = a*(n) [(1+2®@)dn* — (1 — 2@)dx’] (11.6)

and also 2,/a(n) < 1. The total action, including the gravitational part, turns into,

Stot = /d3wd3qdna4(n) {p(Z(qm),w) (—1 +% (W} ) - 5P(Z(q7n),w)¢(w7n)}+5é?n (11.7)
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where we canceled the tadpole against the linear term in the Einstein-Hilbert action, while retaining the

quadratic part,
2

SSI){ = 74M§1/d3xdna4®(m,n) O(x,n) . (11.8)

a?

As expected, Siot starts quadratic in the perturbations. Varying the action we obtain,
3
9*®(z) = 4G ya® 5p(x) = §H2(n)QA1(n)§(x) , (11.9)

as in (10.3), where

So(@,m) (11.10)

par(n)

dp(z,n) = /d3q dp(z(a,n),x), &(z,n)
For the particles’ trajectory we recover the expression in (10.2), from
d _ dz'(q, _
[ @ |4 (aom i - 2@ =2 ) 4 atmns(e - s@moe] <o i

11.2. Long-Distance Universe

11.2.1. Relativistic Theory

Following part 11, the continuum limit of the long-distance effective theory is described by [153]°!

- 1. a a
Spprr = SLDMf/a3dnd3qd3w pL(zL(q,n),w){ZZﬁ(q,n)wub(m,n)L ®(g,n)
S (I @) Vi B (@) = e T (@) Vi iy By (@)
N q,7)Viy.ig_ollig_1i,\T5 7 (2£+1)! q,M)Viy..ip_oDip_1i,\L5 7]
=2

- <C(i)1“.iz (qa W)VLR(Q% 77) + ijlmiejez’,v’ilmizRuV(ma W)"L“Z(Qa 77)
=0

- Oy (q,n)Vz-l...uRw(w,n)éﬁ(q,n)éi(q,n)> } , (11.12)
where L is the angular momentum, and we introduced

pL(z(g,n), =) = par(n) 6*(x — zL(q,n)) . (11.13)

The terms proportional to curvature (and derivatives thereof) are evaluated with the long-wavelength
metric field, gf”,. Moreover, the (IX, JF) are the symmetric trace-free multipole moments, while the CL’s
couple to the traces of the curvature tensor. The first term in (11.12) includes the binding mass/energy,

and is given by

SpM = —/a3d3wd3qdan(zL(q7n),:v)\/gﬁy(w,n)iﬁ(qm)éz(qm)~

51 To avoid confusion with the ‘long-wavelength’ label we opened the L-indices in the multipole moments, see (7.29).
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This is the same expression as in (11.7) with the replacement: z — zr, g, — gfw, and

pe(zL(a,n),x) = pru(n) [K(q,n) + Vs(q.,n)] 6*(x — zL(q.n)) - (11.14)

Note pg includes a kinetic term, K(q,7n), as well as a potential, Vs(q,x,n), which is a function of both
the internal binding potential of a given smoothed object, through the g-level, and the potential induced
by the other (plausibly overlapping) regions, through the z-dependence. The total action also features the

Einstein-Hilbert term.

Since particles interact only gravitationally we do not have multi-particle vertices. Provided there is a

separation of scales with respect to the cutoff of the EFT, we can expand such vertices, and write
SLEFT D /dn/d?’q ﬂ(aquiaquz, 8qiqzz%8qiqzzi, .. ) . (11.15)

These interactions describe different UV models, and may be used, for example, to incorporate baryons.

We will not discuss these terms here.

11.2.2. Newtonian Limit

We now take the Newtonian limit of our relativistic theory. This is relevant for the study of structure
formation (up until we reach the Hubble scale in the IR, where relativistic effects may be important).
Hence, we only include the coupling to the long-wavelength potential, ®;, and ignore velocities and spin.

As a consequence many of the terms in (11.12) combine, and we arrive at

SLEFT ™ /dnd3wd3q a4(77){ — pe(zL(q,n), ) — dpL(zL(q,n), =) L(z,n) (11.16)

L (dzi(g.m))’ Lrin
+ pL(zL(qv n)ﬂ CE) [2 <Ld(7’])) + Z EI Z(q7 77)82'1‘..7514—2E;IZ—12'15 (iB, 77)
(=2

b

where we absorbed all contributions from the Ricci tensor into C*(q,7n), and introduced

+ ZC“Z@ (q,n)ail...igR(b(wan)
=0

1
E;I; = — (81(9] — 351']'82) @L, Rq> = —82‘I)L, (11.17)
opr(zL(gn),x) = pun) [6°(x - zL(g,n) — 6°(x — q)] .
Note the action is quadratic in the fluctuations, since for the unperturbed background, (I*(q,n))s = 0,

and the terms proportional to the traces turn into a total derivative.

Since we keep off-shell modes of the metric (ignoring radiation) and couplings to the Ricci tensor, we
may as well write the action in terms of the full multipole moments, including traces [167, 168],

k=[n/2]
Qir“in = n!(2n — 4k + 1! gliniz | giak—1iak Jiaks1-in)lilyLily (11.18)

(n —2k)!(2n — 2k + 1)N(2K)!!
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Then, the dynamics which derives from Spgpr and the Einstein-Hilbert action can be equivalently repre-

sented by
d?*z} (q,m) dzi(q,n)
= a’ 11.19
e H an as(g,n) (11.19)
1 . .
_ai (PL(CI;? 77) + Z EQ’LL“ZZ (qa n)ailmieq)lz(w’ 77)‘| ’
=2 " z—z1,(q,n)
where

ag’ = - anS(qywan) ) (1120)

x—zr(q,n)

and for the Newtonian potential,
2 3.2
0 (I)L({B,n) == 57‘[ QM(SM’L(CL‘,U) . (1121)
The mass-density perturbation is given by

1 .
Sar (@) =N p(@,n) + Y 7100, Q1 () (11.22)
=2

with dn,z(x,n) = [ d3q 83 (x — z1(q,n)) the number-density. We also introduced

QU (@,m) = /dgq Q" (q,n) 8*(x — z1(q,m)) - (11.23)
It is convenient to write these equations in @-Fourier space,

d2

d
WZL(QMU)JFHCTT]ZL(QMW) =as(zr(q1,n)) + (11.24)

3 ik . 1. ., .. -
300 [ @ [ e ik eularn) — () - KR (QF(a) + Q¥ la) + -
k
3 2 1 3 . 1 11,7 N)]
D (k,n) = —57{ Qm %2 d’q exp | —ik - z(q,n) — ik Qg+, (11.25)

where Q%% stands for the ‘connected’ multipoles, see [153]. The expectation value of the exponential of
a quantity can be performed as the exponential of the connected cumulants of the same quantity, see e.g.

[392]. This exponentiation may be useful to perform resummations, as we discuss briefly in sec. 13.

11.2.8. Field Redefinitions

As we mentioned before, consistency requires we keep the Ricci tensor in the effective action through
the traces of the multipole moments. This is one of the main differences with NRGR, where these terms
can be removed by a field redefinition, up to ‘contact’ interactions. In the continuum limit, however,
these terms survive. Nevertheless, we can still perform field redefinitions, applying the leading order
equations of motion for the long-wavelength fields into the higher derivatives interactions. The traces will

not disappear, and instead they will be smoothed into terms proportional to the density.
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Consequently, the expression in (11.16) transforms into (in the Newtonian limit)

SieFr /dnd3wd3qa4(n){—pE(ZL(qm),w)—5pL(ZL(q7n),m)‘i’L(:v,n) (11.26)
1 /dzr(q,n 2 1. %
+ PL(zL(Q»ﬂ)aw) [2 <Ld(77)) +ZE—71"'Z(Qv77)31'1..,@_2E$_1i5(w»77)
=2

> Cht (g )0, i On (@, m)
=0

b

with C*(q,n) = 3920 CF(g,n). Notice the action is now a function of a new potential, d(x,7).
(The full redefinition also reshuffles some other terms which are absorbed into the Wilson coefficients.)
The advantage is that the source of gravity is now only due to the trace-free part of the multipole moments.

The equations of motion become

d?z1(q,m) N ,HdZL(‘L n)

= 11.2
E an as(q,n) (11.27)

o 1., -
—0; |Pp(a,m) + Y C 0y, i, LOn (@) + ) Al (@m0, @@, n) ;

=0 =2 x—z1(q.n)
together with
24 3,20 &
*®r(x,m) = ot Qumonrr(z,m), (11.28)
~ 1 L
on(®,m) = 5N,L(a:,n)+ZEailwznmw(mm). (11.29)
=2

The new potential is sourced by a mass-density perturbation which only involves the trace-free multipole
moments. (Here the Z%(x,n) are defined similarly to (11.23).) As long as we restrict ourselves to ob-
servables quantities in terms of the displacement fields, the effective action in (11.26) is an equally valid

descriptions of the dynamics.

11.8. Smoothing

As we discussed in sec. 6.5, the long-distance action is obtained by integrating out the short-distance
degrees of freedom. The latter may be defined with respect to a smoothing scale, such that we only keep
modes with momentum k < Ry ! As a result we obtain dynamical equations for finite regions of size Ry,

centered at zr(q,n), defined as (see Fig. 19)

zr(q,n) = /d3q1WRo(q,q1)z(q17n)= (11.30)

where Wg, (g, q1) is a window function, obeying

/d3q1 Wry(q,q1) =1. (11.31)
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R
— z1(q1,7)
q L7
1
@ Z1(q2:m)
Lagrange Euler

Figure 19: Left panel: Finite regions of size Ro in Lagrangian space. Right panel: Evolution in Eulerian space. The
vector zr(q,n) describes the motion of the center-of-mass for each Lagrangian region. Notice that, upon evolution,
nearby regions may overlap.

In the Newtonian limit the point-particle effective action in (11.3) may be then written as

Spp' = /a4dﬁ/d3m/d3qd3q1 Wr, (g, q1) * (11.32)
2
{p<z<qhn>,x> L4 (o) ] —6p<z<q1,n>,w><<1>s<w7n>+<I>L<m7n>>} 7

after decomposing ® into short- and long-distance contributions relative to the cutoff scale R 1. 'We then

split the displacement into motion of the center-of-mass and short-distance displacements,

z(q1,m) = z(q,n) +d2(q,q1,7) , (11.33)

with
/d3q1 Whro(a,q1) 6z(q,q1,m) =0 . (11.34)
The g-label accounts for the given region whereas the g;-label identifies the constituents.

The effective action follows by integrating out the hard modes (®g,dz). Let us concentrate first on
the displacements. Then, Taylor expanding the expression for p(z(q1,n),x) around z1(q,n), we obtain

(after integrating by parts)

1 ) )

St o E/d% d*qdna’pr(zL(q,n), x) (/ *q1 Wr,(q,q1)02" (q1,9) - ~~5z”(q1,q)) Oy, ®r(,1m) .
(11.35)

From here we identify (in the Newtonian limit)
QR (q,m) = /d3q2 Wr,(q,q1) 62" (q,q1.n) ... 02" (q,q1,1). (11.36)

For the other terms we find
DM 3.3, = 453 1 (dzp(q,n) ?

Spp. 2 [ dnd’®d’q pm(n)a”d”(x — z1(q,)) | 5 o +K(g,n)| . (11.37)
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for the kinetic piece, with

K(q,n) = §/d3q1WRo(q,q1)5z (g,q1,m)0%"(q,q1,7) , (11.38)

and from the coupling to the short-distance potential,
Spp D /d3wd3q par(n) 8 (2 — zp(a,n)) Vs(a,2,7) (11.39)
with
Vs(q, k,n) = /d3w e R Vy(q,x,n) = /d3q1 Wy (q,q1) ®s(k,n) e*oz@ann (11.40)

As expected, the main contribution to Vg comes from hard modes, with k ~ (§2)71.

Notice we could have directly obtained these expressions by using the results in sec. 7.3.3, in the

Newtonian limit. There we found, for instance for the multipole moments, e.g. (7.40),

Q" (a.m) =/d393 R (@, @, m)T™ -2t (11.41)

at leading order in the PN expansion. In our case, the stress-energy tensor of a region of size Ry, and

center-of-mass q in Lagrangian space, is dominated by the mass-density,
Tho (@, 2,1) = ﬁM(n)GS(n)/dgql 8 (& — 52(q,q1.1m) Wro (a0, q1) - (11.42)

From here we recover the expression in (11.36).°2 The overall factor of py; is because of our definitions.

In sec. 7.3 we introduced mass multipole moments, whereas in LEFT: [QF] ~ length ™.

11.4. Background, Response and Stochastic Terms

As we discussed in sec. 6.5, we decompose the multipole moments into [153]

Qlln — <Qi...in>s + (Qi...in)R + (Qi...i")s , (1143)
—_———— — —— ~——
background response stochastic

and similarly for the binding potential, Vg. Notice we added an stochastic term. The latter accounts for
the fact that, due to the statistical nature of the initial conditions, in each realization there is a random
departure from the expectation value. While the effective action in LEFT is written in terms of a local
expansion in space and time, the (relatively long) Hubble time scale in the problem introduces an extra
feature which we did not encountered before in NRGR. Namely, the possibility of time non-locality for the

response functions.

The symmetries of the problem constrain the type of terms which may appear in the expansion for

the response, e.g. 9;0;®r, 9;8%, etc., as dictated by rotational invariance and the equivalence principle.

52 Note we did not include the bulk motion in (11.42), since the multipoles are defined in the rest frame of the ‘body.’
This was not an issue in sec. 7.3.3 where we assumed the binary system was at rest.
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For instance, for the quadrupole in (11.23) we may write,

(QZ](ZL(‘]’U)W))R = /d?’]/|: G11]7lk(77777/) 8lak©L(ZL(q’77/)) (1144)
gtk . /
+ G (777"7)al3L,k(q,77)+...] ,

where s;, = z;, —q, and G%'¥(n; 1) are retarded Green’s function which depend on the dynamics at short
distances. The non-locality in time is inherited by the typical variation of the retarded Green’s functions
compared with the Hubble scale. This complicates the construction of the EFT, which now requires a
more elaborate structure. However, this non-locality first appears at two-loop order and furthermore one

can show it does not produce large effects [355, 377].

At one-loop order, on the other hand, we can proceed as follows. At linear order the displacement

scales as the gradient of the potential, and is given by [334]

i) (0 m) = i D)ol k) (11.43)

Then, the response of the quadrupole may be written solely in terms of 8’32, as

Q7 (an)r = Ud”' Gij’kl(n;n’)D((Z)) sV g m) + - (11.46)
ay

= lizj,kl(n) aksL (qa 77) ey

>

where lfj 1 () is defined in terms of the integral in the brackets and has units of length?. We can decompose

it further into irreducible representations and write (the minus signs are for convenience)

(@il = 5 )05 Ousulan) = (o) (5 @isiCa) + Oysita,) = ybydhn(an)) - (11.47)

As usual, counter-terms for the ¢-loop divergences are evaluated at (£—1)-loop order. Hence, the expression
in (11.47) is sufficient to one-loop order. In addition, for the background piece we introduce another length

scale,
1

(Q(a,m)s =15(n)5

50 - (11.48)

Similarly, the dependence on long-wavelength perturbations for the binding potential, Vg, induces a re-

sponse function for the acceleration which also has a time-dependent coefficient [153]

al(z1(a.m)) = SH O 1, )00y - 51 (a,m) (11.49)

Notice that the symmetries precluded a term proportional to 5‘35} in (11.49). See [355] for an implemen-

tation of this procedure in the Eulearian approach to two-loops.
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12. Renormalization & Composite Operators

12.1. Quadrupole Moment

Let us consider the quadrupole moment of a volume V in Lagrangian space, determined by a set of

smoothed regions, see Fig. 20,

P =3 [ da zhlam - )@ - =)+ Q) (12,1
The center-of-mass is defined as, )
wi =y [ dazian. (12.2)
1%

While the QZ}"%O depend on a smoothing scale, we expect the Qz‘ﬁ to be a well defined measurable quantity.

That is the case provided we remove the dependence on Ry. From (12.1) we obtain

U+apz = /d3 si.(q.n)s%(a.n) + Q% (a. ))+qi31(q,n)+qj32(q,n)+qiqj} . (12.3)

The left-hand side is cutoff independent and therefore the same must be true for the right-hand side. This
means the expectation value, and correlation with a long-wavelength displacement perturbation, must be

independent of Ry.

Let us start by taking the expectation value on the background of the short modes,
y i 1 ; , y
Qv +2vzy)s = /V d*q (si.(a,n)s%(a.n) + Q3 (q,n)>s +1ij (12.4)

where l%,ij = fv d®q q'q’ is a geometric factor associated to the Lagrangian volume V. Using (11.48), we

require
; A 5ii
<SL(q7 DEACE n)>s +155 (12.5)

to be cutoff/smoothing independent. For example, for a scaling universe

. . 1 A 472 1 A kn 1
: J = 25;,A n= 26 ~6,:13 12.
<SL(q’77)sL(q7n)>S 3613 /0 dk (27T)3k 3613 0 dkk‘n+3(’l7) 361JZA(77) ) ( 6)

where [, is define in (10.17) with A = Rgl. Then, splitting ls = lg ven(n) +1s,ct (1), we fix the counter-term
1% (n) = —13(n) - (12.7)

Furthermore, the response must also be cutoff independent when correlated with the displacement,

(shia.m) (Q¥m) += =) = (12:8)
<S’E(q ) x f/ d?“ SL(q s (G,n) + (ng(é,n))RD
V/ d*q 7 (q.m)s%,(q, n)> +q <S'£(q,n)82(é,n)>} :
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L)
v

Lagrange Euler

Figure 20: Left panel: a region of size V' in Lagrangian space containing several cells of size Ro. Each cell evolves
with its own quadrupole moment Q%O (g,n), as shown in Fig. 19. Right panel: The same region in Eulerian space.

The second line entails the renormalization of the displacement field, which we review in sec. 12.2. The

first line involves the product of the displacement at the same point, or a ‘composite operator’ [153],
(sh(a.n [sp@msi@n + (Q@m) ). (12.9)

We require this combination to be cutoff independent. From the results in sec. 10 we find

" 4 kKiK' k!
(') [ sto~kmsspon)) & 2P ) (~Tg 12y ). 0210
p

(We removed the overall delta function, denoted with the prime.) The divergence must be absorbed into

the correlation with the response (11.47),

i ro k1 kK
((Q4)  (Roms'(=k.m)) = iPL)K? (173G 0) = Bp(m)ds + Br) 5 ), (12.11)
R k*3 k
with suitable counter-terms. The following choices remove the cutoff dependence:
13 _1p 13 ~p 12.12
2 = R0, Boaln) =~ (0). (1212)

The final (finite) answers still depends on renormalized parameters, g1 rrren(n7). As we discussed
in sec. 6.6 these are obtained via a matching procedure at a given |k| < kni, either by comparison
with numerical simulations or observations. From the universality of the Wilson coefficients we can thus
predict the value of correlation functions at another scale. After the smoothing/cutoff is removed (Ry — 0)
the matching wavelength, |k|, determines the typical length-scale, i.e. V'/3 ~ |k|~1. In this case, in order
to keep the lowest order contributions from the multipoles we must work in the |k|-soft limit. Alterna-
tively we could fix a finite smoothing size, Ry ~ V1/3 > kﬁi, which then serves as the physical matching
scale, and measure directly the quadrupole moment say from numerical simulations. One can then use
renormalization group techniques to study the scale dependence on the smoothing scale toward longer

distances. 3

53 This is equivalent to obtaining the renormalization group equations by studying the (in-)dependence of physical quan-
tities on the cutoff/smoothing scale, see e.g. [156].
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12.2. Displacement

For the displacement field it is useful to introduce a source term, Frrrr(q,n), as [153]

S ) + s (ar) + 51 [ 55 [ a0 ik (5] (gan) - s arn)) = Feer(ann)
k

(12.13)
which we then use compute the (n)-order displacement in LEFT, i.e.
st (q,n) = / dn G (0 ) Fgerr (@) (12.14)

in terms of the Green’s function associated with the linear theory. The source includes the non-linearities
in (10.2)-(10.3) from LPT, together with the multipole moments and binding potential in LEFT, see
(11.19)-(11.21). The latter are split into pieces, as in (11.43), which are incorporated into the source term,

Frerr(q,n) = Fuer(a,n) + Fs(a,n) + Fr(q,n) + Fs(q,n) - (12.15)

The displacement is renormalized provided Frgrr(g,n) has a finite expectation value and correlation
function with other displacement fields, order by order in perturbation theory. We discuss the power
counting rules at the end of the section. We start with the renormalization due to the background and
response and later include the stochastic term. For the sake of notation we drop most of the ‘LEFT’ labels

in what follows, as well as the explicit time dependence, unless otherwise noted.
12.2.1. Background and Response Terms
Let us perform an explicit computation to one-loop order. We start by expanding the source [153],

ik!

3
Flqr) = as(aq1) + §HQQM/ k2
k

/d3q2 explik - (q1 — q2)] ¥ (12.16)
x {5 (ik;) (ik;) [si(q1)s;(q1) + Qij(q1) + si(@2)s;(q2) + Qi;(g2) — 25:(q1)s;(q2)]
‘*‘é(iki)(ikj)(ikr) [33r(ql)(5i((I2)31‘(Q2) + Qij(Q2)) - 33r(Q2)(5i(ql)Sj(Q1) + Qij(‘h))
+ (si(qu)s;(qu) +3Qi;(q1)) s (qr) — (si(g2)s;(q2) + 3Qi;(g2)) sr(g2)]} + - -
We immediately recognize the factors of (s;(g4)s;(ga)+@Qi;(gs)) from sec. 12.1. This combination produces
finite results after the counter-terms are chosen as in (12.7) and (12.12) [153], see fig. 21. There are,

however, remaining terms which are potentially UV sensitive. One such term is in the second line of

(12.17), which after correlating with the displacement reads (in Fourier space)

3 ipr . . .
(Fisi) (k) O 75H2QM/ %(Zpi)(lpj) i Ciji(p, —k,k —p) . (12.17)
P
Notice that the integral in (12.17) is slightly different from what we found for the quadrupole renormal-
ization. It is easy to show the above term is equivalent to a correlation, in g-space, with

Fi(g) > Oi(q) = 5,(q) algjfksk(q) . (12.18)
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B
Qij

Figure 21: Diagrammatic representation of a quadrupole insertion in LEFT, either response or background. To
one-loop order the counter-terms are evaluated at tree-level.

Then, the divergent part in (12.17) becomes [153]

lj

2
(O1s,)' (k) = %WQMk?c@”(k, —k) (7&) : (12.19)

There is another source of divergences which arises from the cubic terms in the third line of (12.17).

These ‘crossed’ terms, for instance

iK!

. k2 /d3q2 explik - (q1 — q2)](ik:) (ik;)(ikr)(sm(q)si(q2)) (s (q1)s;(q2)) , (12.20)

are not renormalized by the quadrupole moment, which instead gives

(si(@)sr(q1))(si(q2)s;(q2) + Qij(g2)) — finite . (12.21)

The divergent contribution becomes

(Fisy) (k) > 310 CY (k) [ [(pl R =)~ )P = K) _ PPAP: | 1), )

p |p - k|2 p2
(12.22)
which, after isolating the UV part, reduces to [153]
/ 3,2 2~(11) 13 5
(Fis;) (k) D 57{ Quk=Cy 7 (k, —k) BIA . (12.23)

Similarly to what we discussed in sec. 6.4, the above analysis suggests we need a new counter-term. The

latter is due to the acceleration induced by the response of the potential Vg on short scales, see (11.49),
L) (k) = —SH200 13 k2O (e, —k 4
<a’S,R3 >( )_ _ilH MiPg,ct ij ( s ) ) (12'2 )

and we find
13 2 121
Gow=(—=+2) A=—"2%. 12.2
This choice guarantees the displacement is renormalized and remains finite as we remove the cutoff.

Notice we could have started directly with the displacement field, in which case only a combination
of counter-terms are fixed by renormalization. This combination may then be determined by matching
for the displacement alone. The fact that we are demanding our theory to produce finite results also
for the multipole moments, which we can measure/observe, led us to the new counter-term. This was
readily at hand in LEFT, yet an explicit computation forces it upon us as a consistency requirement in

the long-wavelength effective theory.
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12.2.2. Stochastic Term

There is another type of divergence which is not removed by a counter-term from the response. It is due
to the contribution from C’i(;z) (k,—k), see sec. 10 and Fig. 18. The reason this requires an extra counter-
term is simply because, unlike the response, it is not proportional to Pr (k). As we see in diagrammatic
form, it is equivalent to a ‘self-energy’ contribution to the two-point function. By inspection of the integral
in (10.14) it enters as k2A%"~! in the displacement. The renormalization procedure is straightforward. The
equation for the displacement includes already a contribution from Fs(q, ), see (12.15). The divergence

in C®*?(k, —k) is then removed by a (contact) counter-term
<sgycts{m> o kikI AT (12.26)

The stochastic term has zero expectation value, but accounts for departures from the average in the
correlation functions, see e.g. [141, 147, 148]. At the end of the day we find

K'kICo (k, —k) o k* (12.27)

for the mass-density power spectrum (see below). This term can be obtained by matching, either into
numerical simulations or directly by observation, reproducing the above scaling behavior. Notice it may be
neglected in the soft limit k£ < kny,. However, as we move towards the non-linear scale the stochastic terms

may be important and compete with the contributions from the response, scaling as k2Pr(k), e.g. [368].

12.3. Mass-Density

We have succeeded in renormalizing the theory in Lagrangian space, including multipole moments and
displacements. The mass-density field in (11.22), on the other hand, is a derived quantity. It features not
only the number-density, defined through (10.4) for the long-wavelength perturbations, but also contri-
butions from the multipole moments. This means the correlation functions for the mass-density must be

finite, to one-loop order, with the choices of counter-terms already made. We show this next.

The mass-density correlation function can be written as, see (11.21) and (11.25),
<($M(k7771)(5M(k,7)2)>/ = /qu e~ tkq <67i k'(s(q’nz)*s(oml))*%kik’j(Q.i:j(4’772)+Qij(0ﬂ71))+--~> , (12.28)

with ¢ = g2 — ¢1 and r = |x3 — x1|. By Taylor expanding the exponential and keeping terms which

contribute to one-loop order, we find that the necessary counter-terms combine into [153]
1
Pyo(k) D —gngvc,ﬁPL(k) : (12.29)

with
G, =G+E+15+20G, . (12.30)

The l%’T_’T .ot counter-terms precisely cancel the divergences from composite operators which appear in the

Taylor expansion, combining once again into factors of (s's’ + Q%). There is another term in (12.30), {2,
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defined as )
2= 5 (I3 + 2055 + 215 +63,) (12.31)

which appears from the relationship between density and displacement,
Snr(k,n) = —0,si(q,n) = —0(k,n) +--- . (12.32)

The equation of motion for 6 reads [153}

Therefore, in order to renormalize the mass-density our previous choices of counter-terms must combine

in I3 ., as in (12.31), to cancel the cutoff dependence we find at one-loop order,

8

63131@2&(1@ : (12.34)

To show that is the case we first solve (12.33) using the Green’s function for an EdS universe,

Gla,a) = — 21 {“ _ <a,>—3/2] . (12.35)

5H2a |a' a

Since the counter-term is evaluated at linear order, lpct(n) o Ir(n) o< D?(n) = a*(n). Hence, using

0™  a(n), we have

1
Oci(@m) = 15t (m0) a* () 9?0W(q,n) . (12.36)

From here we obtain )
(000c0)' (k) = =<l cu(n) K2 PL(k) , (12.37)

and using the values for the counter-terms we found before, we arrive at

1 1 48 121 8
712 = [—-2-2= — —6 - 12 = 712 R 12.38
60t ~ 36 ( 7 T35 70 105) AT g3 (12.38)

which precisely cancels the divergence in (12.34), as advertised.

In summary, we have shown that all the parameters in LEFT can be adjusted to renormalize the theory.
As we notice for the case of the mass-density, or the displacement, the coefficients in LEFT may enter
in different linear combinations. That is the case provided the fields are not connected by a conservation
law. >* Therefore, as long as we limit ourselves to a subset of possible observables, only partial information
may be needed. Nevertheless, the consistency of the theory imposes also finite results for the multipole

moments, which require an independent set of measurements.

54 In Euler space up to two-loops [355] only one parameter is necessary for the mass-density field, i.e. the ‘sound speed’
[151, 152]. The same parameter also enters in the computation of correlations of the momentum, since the two are connected
by matter conservation. However, if one is interested instead in the velocity, new parameters are required. That is the case
because v = 7 /p, which is a composite operator [153, 353, 355].
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12.4. Power Counting

After the theory is renormalized the remaining step in order to make predictions is to establish how
many coefficients are necessary to a given order, namely the power counting rules. The first terms in
the derivative expansion in LEFT scale as 15 . k*Pr (for A = {S,T,TF,®g}). For instance, for the

mass-density power spectrum in a scaling universe we find,

9 k n+5
AZA,re,,(k) = YA, ren % ) (12.39)

where 74 = k%1% is a dimensionless parameter, and we introduced the notation

3 n+3
A?(k) = %PL(I;) = (k:L) . (12.40)

On the other hand, the (renormalized) N-loop order in perturbation theory scales as [352, 354]

k (n+3)(N+1) k 2n+6
Ay (k) o — - A} o (— , ete. (12.41)
kNL kNL

It is then straightforward to show higher order terms in LEFT enter as

g\ (PN +2p
> , (12.42)

A ok —
s 0 (1

to N-loop order in perturbation theory. Here p is related to the number of derivatives involved, either in
the coupling to the multipole moments or through response functions. (Since we have interactions which
are local each additional derivative contributes a factor of (k/knt,)?? in the power spectrum.) The counting
is complete with the stochastic term, see (12.27), which scales as [151, 152, 352, 355]

A% x ( k )7 . (12.43)

kt,

These rules then determine which terms contribute to the computation of the power spectrum to a given
order, provided k£ < knp. Notice that, depending on the value of n, different terms are more important
than others. For instance, when n > —1 the correction from AIQA (k) dominates over the one-loop result

and are comparable for n = —1, assuming 4 ren =~ O(1).

Since a cutoff introduces a scale, the power counting applies only in terms of renormalized parameters.
That is after counter-terms have been added and cutoff (or smoothing scale) is safely removed. This is an
important point. When a cutoff is used to regularize the loop integrals the (power-law) divergent piece and
counter-term enter at the same order, as it is required to produce finite results. However, this should not
mislead us into thinking that both, the renormalized loop contribution and LEFT parameter(s), wound up
at the same order. In fact, for a scaling universe we could have used dim. reg., as we discussed at length
in part II. In that case power-law divergences are discarded, while incorporating instead the non-analytic
behavior. The power counting rules apply in dim. reg., but the renormalized parameter may not depend

on scale, only when logarithms are present. That is when both contributions become of the same order.
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For example we find a logarithmic divergence at n = —1, when both the one-loop and renormalized

contributions from LEFT are comparable [153]. In that case we have,

4

o k2 k? 1
2 _ 1.3/ ij _ . 2 2
Aly (k) =k (k'k)C 1, (k, —k) = W2 {1 + N <ﬁn1te - gls,ren(/“‘[’) kxp, — 53

log(lf/u))}, (12.44)

after an 1/e pole is removed by a counter-term. The 2 . is a (combined) renormalized parameter which

s,ren
depends on an arbitrary renormalization scale p (see [153] for more details). The renormalization group
equation in this case is somewhat trivial,

d 24 _
M@liren(/‘j’) = _@kNEM (1245)

but it tells us nonetheless the expected typical size for the renormalized parameter, i.e.

12 on(pt = kL) = knt (12.46)

s,ren

On the other hand, when n > —1, at one-loop order we find power-law divergences. If a cutoff is imple-
mented, the highest power of A scales as [3 oc A" see (10.17). As we discussed, a series of counter-terms

are needed to remove the dependence on I3. Nevertheless, from the previous scaling rules we notice that
2

s,ren

—once the divergences are removed— the contribution from I
2

s,ren

dominates over the one-loop result. How-
ever, the [ coefficient becomes scale independent, due to the missing k2 logk term for n > —1, unlike
the n = —1 case. In general, logarithmic divergences at one-loop order appear when n = —1+ 2m, with m
a positive integer. (Similarly for the stochastic term when n = 1/2+m, e.g. (12.26) [153, 352].) As we no-
tice from (12.42), these are renormalized into higher multipole moments, and higher powers of derivatives
in response functions. For example, for n = 1, we get a correction scaling as k* Pr, log k/p (together with a
1/€e pole removed by a counter-term). The renormalized one-loop result would be subleading with respect

to the leading order term(s) in LEFT, scaling as k% Py, but of the same order as the k*Pr, contributions.

This discussion suggests that, unlike the cutoff regularization which mixes up different orders in the
k/kn1, expansion, using dim. reg. —at least in a scaling universe— neatly isolates the relevant pieces form
the loop diagrams. Unfortunately one cannot simply implement dim. reg. for the case of our universe,
which presents many different relevant scales. Hence, a cutoff remains the chosen regularization scheme.
Therefore, only after counter-terms are judiciously added one obtains the power counting rules described
above. It is possible, nonetheless, to approximate relatively well the real universe —modulo the BAO

oscillations— with a piece-wise power spectrum of the form [355]

—2.1
Lk fork > ki,
Pyk) = <2w>3{ (’ij )., (12.47)
K(kNL> fOI‘k<ktr,

in the range k ~ 0.1 — 1h Mpc™!, where knr, ~ 4.6 Mpc™!, kn, ~ 1.8h Mpc™' and ki ~ 0.25h
Mpc~!. This helps understand different contributions at two-loop order in the Eulerian approach. See the

discussion in [355] for more details.
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12.5. A Non-Renormalization Theorem

There has been considerable interest in back-reaction effects from short-distance inhomogeneities in
the evolution of the long-distance universe. In particular, whether the former could be responsible for the
late time cosmic acceleration, see e.g. [393-395] and references therein. In [151] a rather simple argument
for the negative was presented. Let us consider a single virialized region of physical size /y;, centered at
x = 0. Let us work in a locally free-falling frame and introduce the quadrupole moment of a smoothed
region,

HOE /d?’w’WA(m/) T t)zix) (12.48)

with Wy (2') a window function in Euler space obeying A=! > £,;;. The Ward identity then implies (see

(7.38))
2
[T7], () = / B Wy (2 )T (2 1) = %j? i), (12.49)

up to corrections of order £y;; A < 1. We now average over a Hubble time, and since fy;, < vH !, we find

] 1 d ij - d ij 1 Cyir
([T7], @) = H-1 <dt RHTY - dtQK@)) ~ vafvir ~ pv° (vH1> < pv?. (12.50)

Therefore, virialized structure ‘decouples,’ since its contribution is suppressed compared to non-virialized

sources, for which pre, ~ pv? > 0 [151].

A similar argument can be made in LEFT and, moreover, within full fledged general relativity. Let us
take a region in Lagrangian space of size Ry with center-of-mass zr,(q,n), which evolves into a virialized
structure of size £y, in Euler space. Moreover, for an isolated region and momenta |k|= > £y, we can
furthermore remove the traces from the effective action in (11.12). Therefore, we obtain

d2

[T9%],, (ko) = [T381, () + st | 52 E0 2 B g DR ()| e (1250)
S

where the I'1"% are the STF mass multipole moments and the ellipsis include similar contributions from
the J#"%. The point-particle term, 7/¥, follows from (11.14) and includes a renormalized density and
pressure, with pren ~ prenv? > 0, due to the kinetic and potential energy on short scales.

It is clear that, in the limit |k|¢y;, < 1, the expression in (12.51) is dominated by the lowest orders in
the multipole expansion. We are left then with two extra terms incorporating the finite size of the region,

at leading order in derivatives,

2

7)) = (T3], o)+ 220 (g 4 RIS q,m) ) + Okl (12:52)
The current term, however, is suppressed in the Post-Newtonian limit, v < 1. Hence, by taking an average
over a Hubble time we recover the same result as before. There are nonetheless two minor differences.
First of all the STF parts of the multipoles encode tidal effects, and thus are further suppressed since
these are induced by curvature. Secondly, the dependence of I/(q,n) on moments of 7+ (x) is slightly
more complicated than in (12.48), also for J%(q,n), see sec. 7.3.3. Nevertheless, all these extra terms are

subleading in the PN expansion, and may be neglected in the above analysis.
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These arguments are naturally generalized when more than one region is incorporated, provided they do
not overlap upon evolution. As we discussed in sec. 11.2, when regions overlap we cannot longer remove the
traces. In that case we may use a field redefinition, obtaining a Poisson equation which is sourced only by
the STF multipoles, see (11.28).5% The physics remains unchanged, provided we use observable quantities
to measure/define the expansion of the universe. (If the reader is not satisfied with this argument, it is

straightforward to show the contribution from the traces is highly suppressed for virialized structures.)

A similar decoupling occurs also for correlation functions, such as the power spectrum. First of all, the
new terms from LEFT are clearly suppressed in the soft limit, scaling as 12, k? Py, (k) at leading order [153].

Furthermore, one can show that the renormalized coefficients themselves receive most of their contribution

from modes near the non-linear scale, with small corrections from virialized structures [373].

13. Resummation

In sec. 12.4 we set up power counting rules in LEFT for a scaling universe. We did so in terms of the ratio
k/kny, which is equivalent to using the linear displacement (or mass-density) power spectrum. However,
this is not satisfactory in our cosmology, mainly due to the various scales involved. While this does not
have major consequences in the way we handle the impact of non-linear scales, identifying the relevant

parameters becomes essential to properly incorporate the imprint of soft(er) modes in the dynamics.

13.1. Ezpansion Parameters

For a given mode, k, different scales affect the dynamics in different ways. It is then convenient to

split the various contributions to the mass-density power spectrum into three categories:
k) = KK [ Cilp—pn)0(lpl - K], (13.1)
P

€s< (k)

Kk / Cii(p, —pm) O([K| — |p]) .
o(k) = / P(p, ) 6([k| - [p]).

o ;> (k) : Variance of the displacements produced by modes with |p| > |k|.
e e, (k) : Variance of the displacements produced by modes with |p| < |k|.
o ¢5<(k) : Variance of the density fluctuations produced by modes with |p| < |k].

There is in principle another parameter, €5~ (k), which we could introduce. However, while €5 (k) accounts
for tidal effects through the long-wavelength gravitational potential, the €5 (k) is a fictitious parameters.
That is the case because mass conservation guarantees there is no dependence on such parameter in the

final expressions. For example, in perturbation theory to one-loop order, we find for the mass-density

55The transformation can be applied in full general relativity, using Ryy o< Ty — % guvT', to remove the Ricci tensor.
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Figure 22: Parameters quantifying the relevance of modes longer (es<(k)) and shorter (e (k)) than a given k, and
tidal effects (es<(k)), plotted for the real universe. (See the text.)

power spectrum

Pi(k) < Pr(k)ek (k) (ko< k), (13.2)

Pro(k) o Po(k) e (k) (ke k),

where k; is the loop momenta and the eL-parameters are defined with the linear power spectrum in (13.1).
The €~ (k) is clearly responsible for the imprint of the UV modes on the long-distance universe, and
is incorporated into the derivative expansion in LEFT, after renormalization. On the other hand, the
displacements in e (k) do not enter directly in correlation functions at equal times.®¢ (In fact, in Euler
space there is a cancelation between P(??) (k) and P?)(k).) However, they change the final location for

the short-distance scales. The e;< (k) is ultimately responsible for the broadening of the BAO peak.

We plot the e-parameters for our cosmology in Fig. 22. Notice, for & > 0.1h Mpc™!, e, (k) becomes

rapidly the largest. Therefore, it must be properly included in order to achieve accurate results.

13.2. Soft Displacements to all Orders

In LEFT we do not expand in es<(k), which is then naturally resummed in the final expressions.
This has two main advantages. Firstly, we do not encounter IR divergences. That is not the case in the
Eulearian approach, where intermedia IR divergences cancel out after all terms are added up, requiring a
careful manipulation of the integrals, see e.g. [354, 396]. Secondly, the resummation of €, (k) incorporates

the shift in the mass-density field, which as we mentioned is behind the smearing of the BAO peak.

The resummation is easier to identify in Euler space. The perturbative solution reads

s) = 6W(z)+D(x)+6(z)+-- | (13.3)

56 This is ultimately related to the equivalence principle, see e.g. [347, 354, 373].
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where, for instance to second order,

@(z) = dV(2)9,60) 17 (50 4 25 0 5D

(@) = dY@oiV @)+ 5 (V@) + 2K @K (@), (13.4)
(1) _ Pk ik; (1) ik-x

@) = - [ Gt et (13.5)
(1) _ Ck(kikj 1o\ 4y ke

K@) = [ (B - ) 0wy (13.6)

Notice there are two types of terms. The fact that the Eulerian perturbative approach expresses all
quantities as a function of §(!) hides the fact that the last two terms in 6 entail two factors of 8,
(1)

whereas the first has a displacement, d;’, instead. The latter are contributions which are resummed in a

Lagrangian approach. In other words, if we keep terms from displacements only, we have
1
5(x) = 60 +dMops® + —dVaMopo,6W + - = D (x + d) | (13.7)
~—~— 2
disp.

where d is given in (13.5). (This is also related to the eikonal approximation, e.g. [347].)

In Lagrangian space the resummation can be seen as a coordinate transformation, which is implicit in

the relationship between density and displacement,

)]

There are several terms which are non-linear in the leading order displacement. Either from expanding

1+ 6(x) = [det(l + Da

(13.8)

g=z—5(q)

the determinant in powers of 832(-1)/8%-, or from the (n)-order in LPT, (935”)/6%. Finally we have the

coordinate transformation. These are the terms resummed in LEFT,
0s'/0|q’ (x — s)] = 0s'/Oq’ + s'9%s'/0q’0q' + - -- . (13.9)

The displacement terms may dominate in various situations of interest, for instance, in the presence of a
long-wavelength gravitational potential, ®;. As a consequence of the equivalence principle such potential
may be removed by a coordinate transformation, up to first order in derivatives. This is the type of

scenarios where the resummation becomes important. ®”

As an example, the presence of the BAO peak in the correlation function, £(x), makes these terms
relevant. This can be seen by comparing the terms with a displacement, d2 £”(z), relative to those
containing higher powers of the density, 02¢(z), where J;, and dy, are produced by the long-wavelength
mode. Because of the sharpness of the BAO feature, 22¢” (x)/¢ ~ 102, the terms with a displacement are
enhanced with respect to the dynamical ones. See appendix C in [153], also e.g. [335-349] for more details

on the treatment of IR modes.

57 The resummation is also relevant for scaling universes with n < —1. There is an IR enhancement, which also makes
the integrals UV finite. As we emphasized this does not mean a renormalization procedure is not required.
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13.3. Ezxponentiation

The expression in LEFT for the correlation function in the long-wavelength limit reads

L) = [dq [ ™ Kiq ), (13.10)
k
where, see (12.28),
Ki(q, k,n) = <eik'(AS(qm))—%kiW(Q?(q1m)+Qij(qzm))+~~> ’ (13.11)
and As(q,n) = sr(q,m) — s.(0,7n). Retaining up to the third moment, we write

log Kr.(q, k1) = =5 A% (@, n)kik; — EWle(q777)kikjkl +.o, (13.12)

with the following correlation functions

Af(an) = (As'(g.m)As(q,n)), +2(QF (q,7))5 (13.13)
Wil a,n) = <Asi(q7n)Asj(qm)Asl(qm»c+3A<s“Q%)>(q7n)~ (13.14)

The last term is defined as:
A(s'Q ) (a.m) = (s' (@M@ (0,m)) ~ (s/0,mQ (@) (13.15)

Formulas such as (13.10) depend on the exponential of connected moments. Keeping terms in the expo-
nential consistently sums all e, effects, and thus provides a more accurate correlation function [153]. This
was incorporated for instance in [346], where a residual oscillatory behavior in the comparison between
the EFT computations in [355] and numerical simulations (due to the BAO features) was addressed.

Notice that, in sec. 12.3, in order to renormalized the theory we expanded the exponential. In this

58 However, had we kept the finite

approximation we ended up with a combined parameter, l%M’ren.
pieces from the multipole moments upstairs in (13.10), the parameters would not add up in the same
manner. This is nonetheless consistent with our previous observations regarding resummation. The point
of keeping terms in the exponent is to resum the soft displacements in powers of €5 , whereas the role of
the renormalized parameters, and counter-terms, is to incorporate short-distance physics encoded in € .
Therefore we may proceed as follows. First, the UV contribution from LPT and the counter-terms —which
must cancel each other— may be kept in the exponential without lose of accuracy. Afterwards, when the
results are cutoff-independent, we may bring downstairs the terms which involve the renormalized (finite)
contributions from the displacement and multipoles. At this point the renormalized coefficients combine
into one, lgM)ren, which integrates the physical effects from the UV modes. The remaining terms are
kept in the exponent, thus incorporating IR effects [153, 346]. Hence, the advantage of LEFT versus the
Eulerian counter-part is not on the regularization/renormalization procedure (which, nonetheless, it is

perhaps more intuitively implemented in LEFT), but in the way the soft physics is naturally incorporated.

58 The combined parameter then becomes analogous to the (dimensionless) sound-speed term, cg, in the Eulerian approach,
e.g. [152, 355]. For example in the notation of [355]: ZEM =2m 2 /k¥;..
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14. Summary of Part III

k ~ H A
(~ 107%kx1) €s< (k)
IR soft modes
€5< (k)
BAO
k ~ kpao
(¢ao ~ 100 Mpc)
€s> (k)
LEFT
k~ Ry!
Point-Particle
Dark Matter
k ~ kNL
(~0.1-05Mpc™") Non-Perturbative
UV physics
k ~ kvir l
(~ 10kxr) Decoupling

The (L)EFT approach to Large Scale Structures.

Cosmological large scale structures may be described in terms of the continuum limit of an effective
theory for extended objects in Lagrangian space: LEFT. There is a separation of scales in space (shown
above) which allows for the implementation of a multipole expansion, similar to what we discussed for the
binary case. While the effective action is local in space and time, the response functions for the multipoles
may display time non-locality. The would-be divergences for the displacement and composite operators in

LPT are renormalized by counter-terms, including background, response and stochastic terms.

At a given k the perturbative contributions are organized in terms of three parameters. The stan-
dard expansion parameter describing tidal effects (e5<), the imprint of hard modes through renormalized
coefficients (€ ), and the effects of soft displacements (es<). The latter are resummed to all orders in
Lagrangian space. LEFT is thus uniquely suited to incorporate the resummation of long-wavelength dis-
placements and the impact of short-distance physics on long-distance observables, paving the way to more
accurate constraints on dark matter, dark energy, and primordial physics. As a fully relativistic theory,
LEFT can also be applied to analyze data from surveys approaching the Hubble volume, testing gravity

in the deep infrared.
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Concluding Remarks & Outlook

‘I will, therefore, take occasion to assert that the higher powers of the reflective intellect are more decidedly
and more usefully tasked by the unostentatious game of draughts than by all the elaborate frivolity of chess.
In the latter, where the pieces have different and bizarre motions, with various and variable values, what

is only complex is mistaken (a not unusual error) for what is profound.” — Edgar A. Poe

‘The murders in the rue Morgue,” Graham’s Magazine (1841).

Throughout this review we have shown how EFT methods can be successfully applied across different
length-scales: from black holes to cosmological structures. In all the cases the main element is the exis-
tence of a separation of scales in the problem which allows for a perturbative treatment. For instance, in
the binary inspiral problem with comparable masses, most of the analytic computations have been per-
formed within the realm of the PN expansion. In this context, NRGR provides a systematic framework,
with textbook regularization and renormalization techniques, and a set of Feynman rules which can be
automatized entirely using Mathematica code. The EFT approach has thus proven to be very powerful,
having a major impact in the modeling of spinning binary compact objects, and providing key ingredients

to construct accurate GW templates in the forthcoming era of multi-messenger astronomy [36, 47].

While NRGR has led to remarkable achievements, recent developments in gravity suggest that the
Feynman technology —which features prominently in the calculations— may be somewhat less efficient, and
other type of (on-shell) methods may be more suitable to compute certain observables, e.g. [288-297].
The main reason is that Feynman diagrams derive from an action where locality and global symmetries
are manifest, e.g. Lorentz invariance, at the expenses of introducing redundancies such as local gauge
invariance. For example, the photon has two on-shell helicity states, however the action for electrody-
namics requires a four-vector potential A#(x). The existence of redundancies increases the complexity
of the calculations, with a number of diagrams needed to enforce the gauge invariance of the results, i.e.
the Ward identity. The same gauge invariance is also responsible for the equivalence we found between
different computations of the total radiated power. Namely, either directly in terms of the square of the
amplitude; from the conservation of the pseudo stress-energy tensor in the radiation zone; or through the
study of radiation-reaction effects. Even though in principle on-shell methods may not seem to be directly
applicable to the calculation of the binding potential, a naturally off-shell quantity, we may nonetheless
wonder whether a more efficient computational approach, or more ambitiously non-perturbative methods,

may be incorporated into the EFT framework. Initial momentum in this direction appeared in [102, 287].

Another question, arising from the study of finite size effects, is the nature of the black hole state.
In particular, the origin of the results we encountered for the response functions to long-wavelength per-
turbations, and the vanishing of the electric- and magnetic-type Love numbers for black holes in four
dimensions. As we argue, this is a fine tuning in the EFT which demands an explanation. However, such
an understanding can only be found in the short-distance theory. In view of the recent discussions on
the ‘black hole information paradox’ and the ‘black hole firewall, e.g. [397-402], it is thus tantalizing
to ponder whether properties of black holes on long-distance scales may teach us something about the
quantum theory of gravity, and ultimately the degrees of freedom responsible for many peculiar features.

We conclude this review by adding a few remarks and pointing out some future directions.

118



O Joy b WN

logy(r/7s)

A

Post-Newtonian

1

Gravity ™ Post-Newtonian BILPT
Self-Force
e b
Numerical BH-PT

Relativity Self-Force

> log;o(m1/ma)
Mass-ratio

Figure 23: Various approaches to the two-body problem, depending on the strength of the gravitational interaction
and mass ratio.

Beyond Perturbation Theory: A Deeper Structure

We have concentrated on binary systems in the inspiral phase, with separation r/r, ~ 1/v? > 1.
In such case, the PN expansion applies for any value of the mass ratio g,, = ma/m;. There are, however,
other methods available when ¢,, < 1, for example black hole perturbation theory (BH-PT) and the
gravitational self-force program. Altogether these approaches complement numerical techniques to cover
all of the parameter space, see Fig. 23. For more details on standard methods and a complete set of

references see e.g. [49, 60, 115]. For a review of the self-force problem on the EFT side see [117].

An attempt at describing —analytically— the entire number of cycles during the inspiral, merger and
ringdown phases, has been originally put forward in [403] and dubbed the Effective One Body (EOB)
approach. As it is suggested by the name-tag, the main idea is to map the gravitational two-body
problem into the dynamics of a single body with an effective mass and evolving in an effective geometry.
For non-rotating objects, the latter is obtained as a deformation of Schwarzschild’s metric in powers of
the (symmetric) mass ratio. A somewhat related approach is the (semi-analytic) gravitational self-force
program for extreme-mass-ratio inspirals, e.g. [117, 404]. In both cases the symmetric mass ratio, vy,

plays a crucial role [49, 60, 115].

Originally the EOB approach was inspired by work in electrodynamics [405], which is essentially the
eikonal approximation discussed in sec. 2.7. For a linear theory the effective action can be computed to
all orders in the PN expansion by summing the series shown in Fig. 1, and simply corresponds to the
one-graviton exchange. The resulting Hamiltonian may be reduced to a one-body problem by going to the
center-of-mass frame. To the extent that electromagnetism is described by a linear theory, this does not
provide much of a hint about how to incorporate a one-body approach in gravity. On the contrary, as we
see in NRGR the relevant diagrams involve higher n-point functions, see Fig 7 [119], which are not easily
mapped into motion in an effective metric. Moreover, it is not clear either how this effective metric is
carried over to the non-perturbative regime. For instance, it does not solve Einstein’s equation in vacuum,

and instead requires a non-trivial (and plausibly non-local) stress-energy tensor.
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Despite these shortcomings the EOB approach has attracted significant attention in the last years,
see [49] and references therein. In particular because of its ability to model remarkably well the binary’s
dynamics, after a ‘calibration’ procedure, when compared against numerical simulations and perturbative
solutions. Therefore, even at a phenomenological level, the success of the EOB may be a hint of a deeper
structure in gravity. This is further supported by equally impressive results from semi-analytic self-force
computations at leading order in the mass ratio. For instance, the comparison/prediction of high PN
order coefficients in the expansion of the binding energy, including logarithmic terms associated with tail
(of-tails) effects up to 7.5PN [406, 407]. (Half-integer contributions may enter in the conservative sector
through hereditary effects [407], see sec. 7.5.)

The self-force computation involves a non-trivial comparison. In the PN regime we write the binding

energy as an expansion in the small PN parameter z,

epn (T, V) = (1 +) <Z eg@%;) x”) + depn(logz), (14.1)

where e(z, V) = E(x,vm)/FEo and Ey = —pm,ma/2. From self-force calculations we have instead

egst(Vm, ) <1 + Ze;’;z ) : (14.2)

as an expansion in the mass ratio. For instance, for the analytic terms this expression can be expanded

for small z,
k,n) n
e (@ Z eliam (14.3)

and then used to compare both results. One finds an outstanding agreement between the two at leading

order in v,,,

1 n
el =~ el (14.4)

to high nPN order, and similarly for the logarithmic corrections. For example, see e.g. [236, 408],

elli? =~ 153.8803, (14.5)
9037 1792 896 123671

e = 24+ = log2+ —p — ~ 153.8838. 14.6

“pn 536" 15 1577 T 5760 (14.6)

Conversely, one can use the numerical self-force results for e( )( ) to predict the value of the PN coefficients
at leading order in v,,. Not surprisingly, since in the self—force problem one does not expand in a small
velocity parameter [404], this program has been extended to (very-)high PN order (21.5PN) in [409, 410],

including logarithmic corrections (13PN). These have not yet been reproduced in the PN framework. 59

What is remarkable about these manipulations is the following. While the comparison for certain

gauge invariant observables, e.g. [413], can be safely made in the extreme-mass-ratio regime, ¢,, < 1,

59 The second-order self-force is known [411, 412], however a similar program has not been yet developed to O(v2,). In
[125] a different expansion (the large-N limit) was introduced, and used to calculate the self-force to high accuracy in the
ultra-relativistic regime, v >> 1. This may be useful to perform similar comparisons with numerical methods, e.g. [54-56].
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the self-force computations are used to predict PN coefficients at leading order in v,,, for all mass ratios,
which is somewhat puzzling. If egr (v, ) denotes the exact result in general relativity, then we have the
approximations

st (Vm, ) = ear(Vm < 1,2), epn(T,Vm) ~ ear(Vm,z < 1). (14.7)

Hence, in the upper-right corner of Fig. 23, egst ™ epn. However, in principle this cannot be extrapolated

to the upper-left, and let alone the lower-left, corner. And yet agreement is found at linear order in v,.

In the self-force program one originally computes egst(gm,2) as an expansion in ¢, < 1. The ex-
trapolation in ¢,, for comparable masses, however, produces incorrect results. This is not surprising, the
qm parameter is not invariant under 1 <+ 2, since there is a clear asymmetry in the extreme-mass-ratio
case. On the other hand, by construction, the PN expansion is symmetric. The trick is, before extrapo-
lating, to write the self-force result in a manifestly symmetric manner, using g,, = v, + O(1/2,), such that
gst (Vs T) = €gst(qm >~ Vpm, ©) at leading order in the mass ratio. However, for comparable masses we have
Vpm =~ 1/4, which is not a particularly small expansion parameter. This is even more puzzling if one extends

the self-force computations into the numerical regime, where one also finds remarkable agreement [115].

There are a few (heuristic) comments one can insert here. For example, if we look at the terms in the
PN series expansion of (14.1), we notice that the O(v2,) correction starts also at O(x?), and moreover
it is further suppressed by a factor of 1/24, e.g. [60].°° While this argument suggests we may be able
to extrapolate towards the PN regime, we do not expect the PN expansion to converge towards merger.
Therefore, this does not explain the agreement with numerical relativity. On the other hand, the EOB
program appears to push the PN framework beyond the inspiral phase, which may then lead us to speculate
that perhaps all these features are somewhat connected to a deeper non-perturbative structure. This, in
turn, may be manifest also in the cancelations observed in on-shell methods for scattering amplitudes, and

invalidate the intuition one may get about the PN expansion from staring at the diagrams in Fig. 7.

Amusingly, a source of inspiration behind the EOB approach is also the work of [22, 415, 416], which is in
spirit similar to the implementation of on-shell methods in [102, 287]. The idea is based on the Lippmann-
Schwinger equation [417], relating the (on-shell) scattering amplitude with the (off-shell) binding potential.
The main difference is that in the work of [102, 287] one does not resort to Feynman’s technology, and
instead the gravitational scattering amplitude (for spin-0 scalar particles) is obtained in a bootstrap manner,
see e.g. [288-297]. This approach still relies somewhat on a loop expansion, however, it surpasses the need
of complicated n-graviton vertices. More recently an intriguing duality has been discovered between Yang-
Mills and gravity [290-292, 296]. This duality was used in [418, 419] to relate stationary and maximally
symmetric spacetimes, to solutions in a non-abelian gauge theory. Unfortunately, while the results in [290—
292, 296, 418, 419] are promising, in its current incarnation the duality discussed in [418] relies on having
found the gravitational solution first, prior to implementing the transformation. Perhaps similar techniques
may be uncovered one day for the binary system, shedding light on the aforementioned properties and

turning the two-body problem analytically solvable.

60 This appears to be a generic property of the PN expansion. Namely, at O(z™) the coefficients of the v, terms are highly
1 1 '35 77 1 271

suppressed. Amusingly, up to n = 6, one finds the pre-factors (ﬁ, 540 5184’ 311047 5137 M) respectively, e.g. [414].
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The Black Hole (Quantum) State

In sec. 7.2.4 we mentioned that —for black holes in four dimensions— the real part of the response
function goes to zero as w — 0. This led to the vanishing of the (renormalized) Cg(p) coefficients. In
fact, this turns out to be the case for all the electric- and magnetic-type ¢-pole moments [196, 197, 219].
As we alluded before this is somewhat puzzling, in particular since in sec. 7.8 we discovered non-trivial
absorptive properties for black holes. It is then plausible this feature may be ultimately linked to the

—rather peculiar— nature of the black hole (quantum) state. %!

Let us look at the quadrupole term. The retarded Green’s function in (6.55) may be written as,

2G v
rg

1

Fon(@) = fo(u) + Bologw®/u* + iz (wrs) + (wre)* (f2(n) + Bz logw®/u?) + -+, (14.8)

where we included the contribution from (7.149) to the imaginary part (with the correct boundary con-
dition). Here the fyo(x) renormalize the coefficients of the E,, E* and E'WE.’“’ terms in the effective

action, respectively (see (6.59)). The p-independence leads to a renormalization group trajectory.

Following sec. 6.6, an explicit matching calculation yields (fo, 8o)bn = 0 and (f2(r;1), B2)bn # 0, after
removing a logarithmic divergence in dim. reg. [204].%2 The vanishing of fo in (14.8), plus the lack of
logarithmic contribution at order w?, implies C%" () = 0 for black holes, at all scales. Although this is
not inconsistent, it clashes against some basic expectations. While the logarithms may not be present,
we could still have power-law divergences requiring a counter-term, C%(A). These are set to zero in dim.
reg. mainly because all possible terms are already present in the effective action. Furthermore, we expect
the coefficients to be determined by the short-distance scale, 75, as in e.g. (6.69). (Similarly to the Cgg2
coefficient in sec. 8.1.4.) Since there is no apparent enhanced symmetry when Cr = 0, nothing prevents
it from receiving (plausible large) corrections. Hence, the fact that all of the C’g(BQ)) coeflicients vanish
—unprotected by symmetries— implies a ‘fine tuning’ from the EFT point of view. %3 This unusual property
constrains the black hole (quantum) state. For instance, for the spectral decomposition of the retarded
Green’s function, one finds [121, 427]

(bh|Q|n)|"

Re fon(wo = 0) =PV | (B — ) —0. (14.9)

Here Q% is the quadrupole operator, and |bh) the black hole’s state, with (bh|H|bh) = Epy, and |n) the

eigenvectors with F,, eigenvalues. Then, provided Q“ |Ep) # 0, we would conclude a black hole cannot be

61 Incidentally, unexpected cancelations (computed through the fluid/gravity correspondency) have also been found in
[420], albeit for dissipative coeflicients at higher order in the derivative expansion. In light of the ‘membrane paradigm’ [421]
this may be more than just a coincidence.

62 The retarded Green’s function is analytic in the upper-half plane. Therefore, its real part cannot be zero for all
frequencies (below the cutoff of the EFT) while having a non-zero imaginary part. Hence, the non-trivial absorptive properties
unavoidably imply new terms —beyond minimal coupling— in the point-particle effective action.

63 Likewise for the hierarchy problem in particle physics, e.g. [155]. Since power-law divergences may be set to zero in dim.
reg., one may claim there is no issue. However, one still cannot explain why myggs is much lighter than a UV scale which in
principle could be as high as the Planck mass (supported thus far by the LHC). The problem worsens for the cosmological
constant, e.g. [422, 423]. (For an attempt to ameliorate the hierarchy for the latter see e.g. [424-426].)
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simply described in terms of a (pure) vacuum state, with By, = Ey.% Inspired by Bekenstein-Hawking

we may then think instead of a thermal state, in which case we would have [427]

A 2
—BEum/Ton |<m|Q” |n>’
ge BB —0. (14.10)

Furthermore, since all the Cg(;)) vanish, this would have to apply for all multipole moments, imposing a

rather non-trivial set of conditions.

At this point, and following this line of argument, one may wonder whether one can write down a

dispersion relation involving the Cg(p) coefficients. Let us consider the retarded Green’s function,
Gt =t k— k) =i ([Tt k), T E)])6(t—t'), (14.11)

in terms of the stress-energy tensor of the ‘source,’ in this case an isolated black hole. Let us also introduce
goh(w, p), as in (6.55), by factoring out the tensor structure. In the low frequency limit, the absorption
cross section is thus given by

1
7.2 (w) o ~Tm gpn (@, p) (14.12)

abs

after expanding in powers of (w,p) and evaluating at forward scattering, with |p| = w. For example, at

lowest order in w we have 7% (w,0) ~ %w2Qg (w), therefore
gon(w = 0,p = 0) ~ w fun(w — 0) +--- . (14.13)

Causality implies that gy, (w, p) is analytic in the upper-half w-plane, e.g. [429], hence it obeys a dispersion
relation. Following the scaling in (14.13) let us assume the UV behavior of the retarded Green’s function
is such that,

bh (W, P)

T dwl
Regl()i)(wo —0,p—0) x PV / 7&) mgw5 ) (14.14)
0

for the fourth-order derivative, thus isolating Cg on the left-hand side. This expression may be naively
justified as follows. As it is known, the cross section approaches a geometric value at high frequencies,
Tabs(w — 00) o< r2 [430-432]. Therefore, if a relationship like (14.12) were to hold in the UV, the
expression in (14.14) would be valid. However, the positivity condition of the imaginary part, e.g. [429],
implies the right-hand side cannot vanish, whereas the left-hand side is zero for black holes in d = 4. Hence,
we conclude (14.14) cannot be true. (It may still be valid for neutron stars, and black holes in d > 4,
imposing a lower bound on the Love number.) In turn, this means gy,n(w,p) does not have the claimed
UV properties, and subtractions are needed. % Therefore, while the absorption cross section approaches

a constant value, the retarded Green’s function in (14.11) continues to grow.

64Notice similar arguments could have been used in electrodynamics for the Ju AP coupling. However, in such case the
real part vanishes because of a U(1) symmetry, which implies the associated charge annihilates the vacuum, thus preventing
a mass for the photon, yet allowing a non-zero imaginary part. (A photon mass also leads to a discontinuity in the number
of degrees of freedom [428].) A non-zero mass is generated in the broken phase, as we conclude from (14.9).

65 Something similar occurs in the study of dissipative effects within an EFT approach to fluid dynamics [141, 143, 144].
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Even though this is not necessarily an issue, after all the EFT expansion modifies the UV behavior
above the cutoff scale, it is nonetheless somewhat peculiar and signals the imprint of non-analytic behavior,
e.g. [433, 434]. To press on this issue let us then consider the gravitational scattering amplitude off of
a black hole, App(w, ). Assuming App(w, €) is polynomially bounded, we can write down a dispersion
relation in the forward limit, involving the n-th order derivative at zero frequency on the left-hand side,
and an integral over the imaginary part on the right-hand side. As it is well known, the amplitude presents
a series of so called ‘quasi-normal’ modes [433], which manifest themselves as resonances and branch cuts
in the complex w-plane, e.g. [434]. Therefore, the exact form of the dispersion relation requires a careful
study of the analytic properties of the scattering amplitude. At low frequencies, however, the latter may
be computed within the EFT framework. This entails contributions from the mass term as well as the
Cr(p) coefficients. The t-channel exchange and seagull-type diagrams only contribute low powers of w,
and therefore they cancel out for n > 4. (The singularity in the forward direction is thus avoided by acting
with the derivatives prior to sending 6§ — 0.) As we discussed in sec. 6.6, taking n = 4 we then isolate the
contribution from Cg(py, in the w — 0 limit. This leads to a relationship between the Wilson coefficients
and an integral of the imaginary part(s) (related to the total cross section), plausibly also contributions
from isolated poles. This is often referred as a sum rule, e.g. [317, 435]. The right-hand side must vanish
for black holes, because the left-hand side does, but it remains finite for neutron stars. Hence, for the

latter it is also a specific representation for the Love numbers. We leave this open for further exploration.

All these results hint at a non-trivial black hole state. In particular the apparent lack of hair, even in
gravitational backgrounds such as the one induced by a companion [436]. This resulted in the vanishing of
all the electric- and magnetic-type Love numbers in four dimensions [196, 197, 219, 260, 261]. At the same
time, black holes deform when rotation is present, e.g. [437], and furthermore also allow for polarizability,
e.g. [438], as well as absorptive properties, e.g. [239]. It would be then interesting to contrast all of
these features against putative theories that aim at incorporating short-distance gravitational degrees of
freedom. % For instance, the Kerr/CFT correspondency [443-448] and more generally the role of conformal
symmetry [400], (non-violent) non-locality [449-452], or the ‘corpuscular’ framework [453-456]. Moreover,
the recent results associated with the Bondi-Metzner-Sachs (or BMS) group may not be unrelated, e.g.
[402, 456, 457], due to the —conjectured— presence of ‘soft hair’, e.g. [458, 459]. In light of all of these
developments, it is not unthinkable we may be on the brink of discovering a deeper structure in gravity,
which may be probed with a new generation of gravitational wave detectors, e.g. [460]. Hopefully this will

be reviewed before the 2 x 10 anniversary of general relativity.

Through direct implementation, or parameterizing its own demise, the EFT framework offers a remark-
able set of tools to systematically study a familiar —though complex— structure, or to unravel unexpected
behavior. Concluding this review we hope the reader will consider incorporating the EFT formalism to

the toolbox of skills to be mastered by a modern theoretical physicist. 67

66 One way the black hole state may be probed is through high energy gravitational scattering [162, 163, 439]. An EFT
approach [125, 440] could also be useful at large impact parameters, to study the onset of black hole formation, perhaps
shedding light on the analytic properties of the gravitational S-matrix [162, 163]. Another interesting regime to explore the
manifestation of all these properties is the large-D limit of general relativity [441, 442].

67 http://www.ictp-saifr.org/7page_id=9163
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Appendix

A. Field Redefinitions

Let us go back to the contribution from the Cr(yy coefficients to the effective action in (6.49),
CR/d4x 5z — 2(1)) R(z) dr + Cy /d4x 54z — 2%(7)) Ry (z)0" (70" (7)dT . (A.1)

According to Einstein’s equations the Ricci tensor, R, (x) o< §*(z® — 2%(7)), vanishes everywhere except
when it is evaluated on the worldline of the particles, where instead blows up. This means that, on-shell,
these terms are either zero or infinity. We show next they can be consistently set to zero everywhere by

means of a field redefinition.

In general we are not allowed to use the equations of motion in the action. (For example, the action
for a free scalar field vanishes on-shell.) However, we are allowed to make a change of field-coordinates in
the path integral. To illustrate the procedure let us study an instructive example involving a single real

scalar field in five dimensions. The action is [461]

S = M3 [ dadyoas(e. )0 o(a. ) + 03 [ d'adyd(5)0,0(e, 0" 6(z.0), (A.2)

with Ms5 a mass scale. Here A =0---4 and the metric is diag(+, —, —, —, —). In addition to the Einstein-
Hilbert action, we have an extra term which is localized in a d = 4 ‘brane.” This is a simplified version
of the so called ‘DGP model’ [461]. Notice it resembles our case, where we have fields localized on the

worldline of a point-particle. The Green’s function obeys [461]
(M3940% + 6(y) M{19,0")G(x,y,0,0) = 6" ()8(y), (A.3)

whose solution, with retarded boundary condition Gr(z,y,0,0) = 0 for 2° < 0, reads

1

_ e—Plyl , A4
MPQ,lp2 +2M3p (A4)

GR(pa y)

in mixed Euclidean Fourier space (where (p,y) = (p1,p2, 3, Pa,y) and p = \/p? + p3 + p2 + p?).

Let us perform now the following field redefinition in the action of (A.2),

o(z,y) = d(x,y) — —50(y)d(x,y) . (A.5)

It is straightforward to show that the variation of the bulk term cancels the one on the brane, and the

new action becomes

S = M3 [ d*zdydad(z,y)0r(z,y) + ME, [ diady 5(y)d(z,y)02(z,y)

_AA//% (0) [ dazdy 6(y)0ud(x,y)O d(z,y). (A.6)
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Notice, however, the term on the brane is ‘regenerated,” up to an overall factor of §(0), together with a

term proportional to 85, also localized.

We can easily show the new action in (A.6) encodes the same physics as the original one in (A.2). The

equation for the Green’s function, G(p,y), is given by

4
(Mg’(pQ — 0y) + Mpy3(y)9; — 5(0)5(9)1\]\%172) Grlp,y) = 0(y). (A7)

After some manipulations we conclude that the retarded Green’s functions, Gx and Gp, are related by:

. Gr

Gr = m =7Z'Gx. (A.8)

As expected, we recover our original expression up to an overall normalization factor, and the physics
remains unaltered. The Z factor precisely accounts for the divergences that we encounter dealing with

these localized terms. (Moreover, using dim. reg. we would set 6(0) — 0, and Zgim. reg. — 1.)

In our case, we can follow these manipulations to remove the terms in (A.1). We perform a field

redefinition of the metric,

Y () = ¢ i T54(‘Ta_$a(7)) BV (o
s (5) = ¢ (g [ar =) g, (1.9)

with ¢ an arbitrary coefficient. Hence, up to surface terms which do not alter the conclusions,
0SEH = —2M§1/d4m G (x)ogh” (z) = c/Rag(x"‘(T))go"B(xa(T))dT, (A.10)

with G, — Ry — %gWR, Einstein’s tensor. This shows that the coefficient of terms proportional to the
Ricci scalar are arbitrary. Hence, choosing ¢ = —Cr we may remove it from the effective action altogether.

All coordinate invariant observables are then independent of Cr. A similar procedure eliminates Cy [3].

Let us make a final remark regarding these manipulations. After applying (A.9) there is actually a
left-over piece, proportional to §3(x1(7) — x2(7)), in the effective action. For the two-body system this
delta-like potential is similar to the so called ‘Darwin term,” which accounts for the interaction between
the wave-functions of the electron and positron, and contributes to the fine structure of the energy levels of
the Hydrogen atom. Therefore, in a quantum mechanical world, we cannot simply set this —distributional—
term to zero, because wave-functions may not vanish at » = 0. (The expectation value of the Darwin term
is non-zero for £ = 0 states.) On the other hand, in the classical theory, this term always vanishes except
when the constituents of the binary overlap. In such case we find a pure divergence, which can be removed
as we just explained. This is not possible, however, in the continuum limit —and the evolution of large
scale structures— as we discussed in part III. For the latter the Ricci-type contributions may be replaced
by terms proportional to the (smooth) mass-density, and derivatives thereof. As we showed, these terms

end up playing an important role in the consistency of the theory.
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B. Toolkit

Gravitational Couplings

The relevant couplings that are needed to compute all spin effects to NLO order are summarized here:

Lmh

Lmhv

Lmhv2

Lmhv3

Lopp2

Lmh2v

Ly

Lghy

LShv2

Lgpys

Lgpe>

LSh2v

Lys2

Ljs24

LhSQ,UQ

Lj2g2

m
- h

oMp; 0

_m

Mp

_m
2Mmp

i
hoiv*,

;o1
<hij’UlUJ + 2h001}2> s

m .

- hg;v'0?

2Mp, " ’
m

hooh
SMI%I 00/%00 »

1
2Mpy
1 , A
R 0k, .j h’L 30
72MP1( 0,657 07 + hig 0S™) |
1
2Mpy
1
4M1§l
1
4Ml§l

(hij,ksikvj + hoo,kS%%)

k0, i
hik,0S™ V",

S (h* jhog,i + haihoik)

[Sijhlj (hati — hiig) v — S hgjhoi + S (hoohoo,i + hlihOO,l) }

~ Cgs2
4mMp1

ik qik
hoo,i; 8" S,

Cis?

B 2mMp1
Cps2

2mMp1

l gik Qjk
ho[ﬂ‘j’US S] 5

1 o )
{517,0071‘]‘3105]0 + SOkSthoo,lle +

I 1 v?
S5 (hir 050" — ihzm‘jvrvl + hy jrvto” — Zhoo,z‘j)} ;
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Integrals

The integrals we find throughout our calculations in the PN framework are regularized in dim. reg.

by analytic continuation in d, the number of spacetime dimensions. The most common master integral we

d=lk k1 T(H-a) (r2\TT
| G "5~ ams 1@ ( ) ’ (B17)

which allows us to transform expressions in momentum space, from the Feynman diagrams, into coordinate

find is given by

space. By taking derivatives with respect to 7% we can construct tensor integrals, for example,

d—1
Ak KKk ke 1 T(%E—a) e\ 7 2 (1, . o
= R (S sam im sjl i slm
[em o e T (7) 3 (0107 0 0o

200 — .

+ ( ¢ d 5> 513 Al Am 5zlrj1gm _|_5zm,’,j (Sjl'f‘l'f‘m + 5Jm A7 Al _'_6lm,f,z,f,])
—1 -1 o

+ (a S 5 2) ( _d-l 5 3) e M’”) : (B.18)

In general, in the conservative sector, at n-order in the PN expansion we expect 3-momentum integrals,

and so on and so forth.

equivalent to n-loop diagrams in quantum field theory. In many instances integrals can be computed as
nested ¢-loop integrations, with ¢ < n. Often, using several tricks, e.g. [462], these reduce to products

with ¢ = 1. In such case, a useful master (one-loop) integral is the following

@O (k2) (k +p)2)  (4m) ™2 T@r(®) @ 1-a-5)

Tk 1 1 I(d=L - )D(%2E — PR
/ d (a"_ﬁ ) ( D) a) ( D) ﬂ) (pQ) 5 B ’ (B.lg)
which enters for example in the tail effect (see appendix A of [28]). These manipulations simplify the
number of loop integrals required, leaving a handful of irreducible ones at a given order. See [119] for a

more detailed discussion.

In the radiation theory we also encounter similar integrals after multipole expanding the potential-
radiation vertices. However, as we notice diagrammatically, for instance in Fig. 8, the higher order source
multipoles are obtained in terms of lower order loop integrals with potential modes. This is the case
because in the computation of the gravitational amplitude (and pseudo stress-energy tensor) we remove a
propagator from the worldline and put it on-shell (and soft). This means, to compute the total radiated

power to nPN order we require at most (n — 1)-loop integrals from the conservative sector.
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