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Binary systems of compact massive objects like black holes and neutron stars produce strong
gravitational waves, propagating disturbances in the fabric of spacetime, which are likely to be
directly detected for the first time in this decade. While the expected gravitational wave signals
should contain information that can help to answer many outstanding questions in physics and
astrophysics, it is crucial, to that end, to be able to predict in great detail the general forms of
the expected signals. Chapter [1| of this thesis broadly reviews some of the analytic approximation
techniques used to solve the relativistic two-body problem. This sets the stage for the presentation
of the original work in the following chapters, which concerns two separate aspects gravitational
wave generation by binary systems.

Chapters [3| and [4] concern tidal effects in relativistic binaries. Tidal forces significantly influence
the orbital dynamics and gravitational wave emissions of close binaries containing neutron stars, and
this imprints on the gravitational wave signal information about the mysterious interior structure
of a neutron star. We derive the tidal perturbations to binary orbital dynamics, working in
the first-post-Newtonian approximation to general relativity, and working to linear order in the
spins and mass-quadrupoles of the constituent bodies. While many of our important results are
valid for arbitrarily structured bodies, we also specialize to the case in which the quadrupolar
deformations respond linearly and instantaneously to the applied tidal fields. In that case, we derive
the quadrupolar tidal corrections to the gravitational wave signal from a neutron star binary in a
circular orbit.

Chapter [2] considers the following question: For a small body orbiting a large black hole, can
the conservative part of the self-force experienced by the small body be encoded in an action

principle or a Hamiltonian system involving only the body’s worldline? Such formulations of the



conservative self-force dynamics could lead to more efficient computational methods for solving
the extreme-mass-ratio two-body problem. We present our interpretations and investigations of
this question, exploring various further questions that arise. We present a proof that, for a small
body orbiting a Schwarzschild black hole, there does exist a Hamiltonian system which encodes the

linear-order conservative self-force sourced by the osculating geodesic.
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DN — Damour-Nagar, referring to their work on post-Newtonian tidal effects [37, 94].
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[29, 33, 47, 48].

DW — Detweiler- Whiting, referring to their self-force regularization method [67].

EOB - Effective-One-Body, referring to the formalism for treating relativistic binaries [22].
EoM — Equation of Motion.

EMRI — Extreme-Mass-Ratio Inspiral.

GR — General Relativity.

GW — Gravitational Wave.

NS — Neutron Star.

PM — Post-Minkowskian, with nPM referring to the nth post-Minkowskian approximation.
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RF — Racine-Flanagan, referring to their work on post-Newtonian celestial mechanics [31].
VF — Vines-Flanagan, referring to their work on post-Newtonian tidal effects [I14].

w.r.t. — with respect to.
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CHAPTER 1

THE Two-BOoDY PROBLEM IN GENERAL
RELATIVITY AND GRAVITATIONAL WAVES

1.1 Motivation

The existence of gravitational waves (GWs), ripples in the geometry of spacetime, was predicted by
Einstein in 1915 as a central element of his theory of general relativity (GR) [I]. Though there is
strong evidence confirming his predictions (from observations of pulsars in binary systems [2]), GWs
have yet to be directly detected by scientists on Earth. This is the goal of contemporary ground-
based experiments like LIGO [3], VIRGO [4], and GEO [5], and future space-based experiments like
(e)LISA [6], which use large-scale laser interferometry to ‘listen’ for GWs reaching the Earth from
sources in distant parts of the Universe.

The advent of GW astronomy will open an entirely new window on the Universe, and we may see
in it things we have yet to imagine. There are, however, several sources of GWs we have imagined
and expect or hope to detect with these experimentsE] Along with the excitement of the first
direct detections, the expected GW signals should bring a wealth of insights into astrophysics and
cosmology which are inaccessible by electromagnetic observations.

Probably the most certain sources for these detectors, those for which the detectors are designed
(more or less), are binaries containing black holes (BHs) of various sizes and neutron stars (NSs) ]
Being the densest (known) astronomical bodies makes close binaries of these objects the sources of

the strongest GWs. Such binaries undergo inspiral, an initially slow but accelerating decay of the

'In addition to sources falling under the broad category of inspiraling binaries, we expect to detect GWs
from, for example, supernovae, spinning deformed neutron stars, various accretion processes, and perhaps
more exotic sources, like cosmic strings or a cosmic GW background from the early Universe [3] [6].

2Space-based GW detectors should also detect white dwarf binaries within the Milky Way [6].



orbit due to GW emission, emitting ever stronger GWs as the bodies approach one another and
eventually merge. A primary LIGO-type source is a binary containing NSs and/or few-solar-mass
BHs, in any of the pairings NS-NS, BH-NS, or BH-BH, whose signal will be in the 10'-10% Hz band
in the last few minutes before merger. A primary source for space-based detectors is a few-solar-mass
compact object spiraling into a supermassive BH (10°-108M,), known as an extreme-mass-ratio
inspiral (EMRI), which can be in the 1074-10~! Hz band for years.

To extract a signal from the detector noise, especially in these early days of GW astronomy,
GW detectors must already know what they are looking for; they must use matched filtering using
theoretical templates with as few adjustable parameters as possible (for some classes of sources).
Thus, to predict in great detail the GW signals from binary inspirals has been an occupation for
many a physicist in recent decades. This opening chapter will selectively review some aspects of
this historied and ongoing effort to solve the relativistic two-body problem.

The basic assumption in the field is that inspiraling binaries will be governed by the equations
of GR as written down by Einstein in 1915. This is motivated by the success of GR in every
experimental test to which it has yet been subjected [7]; probably most relevant here are the decades
of observations of the decaying orbits of binary pulsars [2, [8]. It is possible that deviations from GR
might become important only in the strong-field regime which GW detectors may be the first to
probe, and this exciting prospect has been studied at length [9] [10]. But still we expect that GR
will survive as the leading-order theory of gravity with only small potential corrections in most of
the regimes to be probed.

For some types of sources, gravity is the only physics needed to predict the GW signal. This
is true of all binary systems sufficiently early in their lifetimes, when the bodies can be treated
effectively as spinning point masses, and the inspiral evolution and GW emissions are determined
only by the bodies’ initial masses, positions, and spins and by Einstein’s equations. Remarkably,
the dynamics of a BH-BH binary, which is vacuum everywhere, is completely determined by the
BHs’ initial masses, positions, and spins and by Einstein’s equations, for all times, including the
eventual merger to form a single BH (assuming unmodified GR)H Even if measured BH-BH signals

completely conform to GR expectations, they will still provide valuable astrophysical information. In

3This is because, in GR, the structure of an isolated BH is entirely determined by its mass and spin (and
the external gravitational fields it experiences). A BH can have no other internal degrees of freedom (save an
[astrophysically irrelevant] electric charge), as stated by the ‘no-hair theorem’ [I1].

2



addition to yielding statistics about binary populations, inspiral GWs can act as a kind of ‘standard
siren’, allowing distance measurements which probe cosmological parameters [12 [13].

The above picture, with all properties of the orbiting bodies ‘effaced’ save their masses and
spins, remains mostly true even when the BHs are replaced by material bodies like NSs, but not
entirely. The internal physics of a NS will begin to influence the GW signal late in an inspiral
when it develops a tidal deformation, and during merger. It is hoped that such signals will provide
valuable insights into NS internal structure, which is still relatively unconstrained by electromagnetic

observations [14] [15].

1.2 Regimes and solution techniques

The endeavor to predict GW signals from binary inspirals boils down to the task of solving Einstein’s
equations. Since there are no exact analytic solutions describing any realistic version of a binary
inspiral, one has two options: direct numerical integration of Einstein’s equations, or use of analytic
approximations valid in certain regimes.

Regardless of the nature of the bodies composing the binary, the choice of solution technique
depends most importantly on the bodies’ masses M; and My and their typical orbital separation r.

These scales define two useful dimensionless parameters. First is the symmetric mass ratio,

_MiMy;  p

M2 M’

)

where M = M + M5 is the total mass and p is the reduced mass. The second, the ‘post-Newtonian

parameter,

[\

G

—_—

€
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Qw‘ <

characterizes the strength of orbital gravity (as opposed to the bodies’ self gravity), which relates to
typical orbital speeds v. A diagram of the parameter space for the two-body problem is shown in
Figure

When neither of these parameters is small, for comparable masses (v ~ 1) in the strong-field,
relativistic regime (e ~ 1), one has no choice but to solve the full Einstein equations numerically.
This effort has seen much activity and great successes in recent years, treating the last few orbits

and merger of comparable-mass BH-BH, BH-NS, and NS-NS binaries. The BH-BH merger problem
3
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Figure 1: The regimes and solution techniques for relativistic binary systems, parametrized
by the symmetric mass ratio ¥ and the post-Newtonian expansion parameter €.

has finally been solved by the landmark work of Refs. [16], 17, 18], and reviews of the ongoing
investigations of BH-NS and NS-NS mergers can be found e.g. in Refs. [19, 20].

In the weak-field, slow motion regime (e < 1), for any mass ratio, one can employ the post-
Newtonian (PN) approximation. Formally, GR reduces to Newtonian gravity in the limit where
the speed of light ¢ goes to infinity (¢ — 0), and nth-post-Newtonian (nPN) gravity is the theory
obtained by keeping the O(c=?") = O(€") correctionsﬁ Post-Newtonian theory provides a good
description of the earlier stages of an inspiral, before the binary evolves into the strong-field regime
at the end of its lifetime. This approach has also been vigorously and fruitfully pursued in recent
years, attempting to push it ever closer to the strong-field regime by going to ever higher PN orders
p1f]

Finally, for the case of an EMRI, having very different masses (v < 1), with a small body in the
strong-field (e ~ 1) region near a large BH, the PN expansion fails, and it is prohibitively difficult for
numerical simulations to resolve the disparate scales involved. But another approximation technique

becomes useful in this regime, one that uses the mass ratio v as a small expansion parameter. In

4The PN approximation is appropriate for describing the orbital dynamics of a binary with € < 1, but
not for describing the propagation of GWs away from such a binary. A post-Newtonian description of the
‘near zone’ must be matched onto a post-Minkowskian (PM) description of the ‘far zone’ gravitational field.
While PM gravity is obtained by perturbation theory on a background Minkowski spacetime with G as the
expansion parameter (at fixed c) [see Secs. 1.3 and 1.5], PN gravity is obtained by expanding the theory
about a set of Newtonian structures with 1/c® as the expansion parameter (at fixed G) [see Secs. 1.3 and 1.5].

5 Attempts to somehow extrapolate from PN gravity into the strong-field regime, aided by data from NR
simulations, have led to the effective-one-body (EOB) formalism [22].

4



the limit v — 0, the problem reduces to a test particle moving geodesically in the strongly curved
but stationary spacetime of the large BH, which in most astrophysical circumstances will be the
Kerr spacetime of a spinning BH. When v < 1, one can use BH perturbation theory, considering
the O(v) (or higher-order) perturbations to a Kerr background created by an orbiting object of
small but finite mass. These perturbations carry GWs out to infinity and exert a ‘self-force’ which
causes the object to deviate from geodesic motion and spiral into the BHH Computing inspirals of
small bodies into a Kerr BH is an active area of current research, reviewed e.g. in Refs. [24] 25].

In either PN theory or BH perturbation theory, the simplest formulation of an inspiral treats the
orbiting bodies (both bodies for a PN binary, or the small body in an EMRI) as structureless point
particles with conserved rest massesm Even for realistic extended bodies, the point-particle model
still gives the correct orbits for the bodies’ center-of-mass (CoM) worldlines, to leading order in R/r,
the bodies’ sizes R over their separations r . This is in part because the external gravitational field
produced by any body, to leading order in R/r, is a spherically symmetric monopole field, identical
to that of a point particle.

Finite-size corrections, which couple the orbits to the bodies’ internal structure and dynamics,
can be usefully organized into multipole expansions. Following the mass monopole (the total
mass-energy) and the mass dipole (which encodes the CoM worldline), a body’s higher-order
‘mass multipole moments’ (the quadrupole, octupole, etc.) characterize the non-sphericity of its
mass-energy distribution. The non-sphericity (which can be either intrinsic or induced by external
gravity) gives rise to tidal perturbations to the body’s orbit, with the effects of higher-order moments
suppressed by increasing powers of R/r. The internal distribution of momentum (or mass current)
also affects a body’s motion in GR. A body’s spin is its first ‘current multipole moment’; followed
by the current quadrupole, etc., and these moments give rise to orbital perturbations which again

decrease with higher powers of R/r for higher-order momentsﬁ

6Black hole perturbation theory can be used to compute inspirals over short timescales, but must be
supplemented by two timescale techniques to enable computations of complete inspirals [23].

"Though there are fundamental problems with the idea of a finite-mass point particle in full nonlinear GR
(since bodies will always form BHs of finite size if sufficiently compressed), one can still make sense of such
an idea in both PN gravity and in linear perturbation theory (requiring much more effort in the latter case).

8The mass and current multipoles of a mass-energy distribution in GR are analogous, respectively, to
the electric and magnetic multipoles of a charge distribution in electromagnetism (to a certain extent).
Such moments can be defined within the context of post-Newtonian gravity, post-Minkowskian gravity (see
e.g. Ref. [21]), or perturbation theory on a stationary curved background (see e.g. Refs. [26] 27]).



Black holes and neutron stars have strong internal gravity, and thus, their internal structure
cannot be accurately described either by PN theory or by perturbation theory over the external
gravitational field in which the BHs or NSs are located. Nevertheless, these approximations can
be used to accurately describe the orbits of BHs and NSs, in certain regimes. This is because, at
sufficient distances from a BH or NS, its gravity does become sufficiently weak to be described by
PN gravity or perturbation theory. Within either scheme, one can define an effective CoM worldline
and effective multipole moments which characterize a body—these quantities are encoded in and
defined by the body’s weak gravitational field at sufficient distances, without reference to its interior.
One can then show that the body’s CoM worldline obeys the same equation of motion (involving
its multipoles and the external spacetime) that would be derived for a body whose interior can be
described by the given weak-field approximation [28].

The remainder of this opening chapter reviews some aspects of each of the aforementioned
approximation techniques, gathering foundations for the original work presented in the subsequent

chapters:

e Chapters |3 and {4] are concerned with tidal effects in binaries in the PN regime, targeted toward
the tidal interactions of NSs in LIGO-band binaries. Working to 1PN order in the orbital
gravity, and keeping the mass, spin, and mass-quadrupole terms in the bodies’ multipole
expansions, Chapter [3| presents a derivation of the orbital dynamics of such a binary, in various
levels of specialization, from complete generality to the case of bodies with adiabatically
induced tidal deformations on circular orbits. Chapter [4] derives the gravitational wave signal

from such a binary.

e Chapter [2| presents an exploration of some issues concerning EMRIs. Focusing on a small
body coupled to a scalar field in a stationary vacuum spacetime, a toy model with many of
the features of gravitational perturbations on such a spacetime, we discuss the computation of
the self-force experienced by the body. We explore the possibility of encoding the self-force
equation of motion, or rather a version of it valid in the adiabatic limit, into an action principle
or Hamiltonian system involving only the body’s worldline. The goal of these explorations
is to formulate computational methods that are more efficient than methods currently being

explored [24].



With those ends in mind, Chapter 1 continues as follows, outlining foundational results and hoping

to draw useful connections:

e Section briefly discusses GR, and its relation to Newtonian gravity.

e Section discusses the multipole decomposition of the Newtonian gravitational field sur-
rounding an isolated system, and how it can be used to formulate the orbital equations of

motion for arbitrary bodies in Newtonian orbits, even bodies with strong internal gravity.

e Section describes the post-Newtonian expansion and its corrections to binary orbital

dynamics, and outlines the work of Chapter

e Section [1.6] reviews the description of freely propagating GWs on a flat background via
the linearized or first-post-Minkowskian approximation, and the extension to the nth-post-

Minkowskian approximation.

e Section discusses the calculation of GW signals from post-Newtonian sources, achieved by
matching a near-zone post-Newtonian spacetime to a far-zone post-Minkowskian spacetime,
yielding the famous Einstein quadrupole formulae for GW emission and their post-Newtonian

corrections. This section fills in details of the justification of the methods used in Chapter [

e Finally, Section [1.8| reviews the description of extreme-mass-ratio inspirals using BH pertur-
bation theory to calculate the self-force on and GWs emitted by an orbiting point-particle,

providing context for the investigations of Chapter [2]



1.3 General relativity and Newtonian gravity

General relativity describes spacetime as a pseudo-Riemannian geometry which is locally Minkowskian,
with the effects of gravity arising from its curvature. With coordinates z* with u = 0,1,2, 3, the
geometry is specified by the metric components gW(x)ﬂ which give the ‘interval’ ds between

infinitesimally separated events according to
ds?* = g datdx”. (1.3.1)

The dynamics of the geometry is governed by Einstein’s field equation

_ 8nG

G
A

T (1.3.2)

where G* is the Einstein curvature tensor constructed from the metric and T#" is the stress-energy
tensor of matter. This equation implies (among other things) the local conservation of stress-energy,
V,T* =0, which implies (among other things) that test masses move along geodesics.

A simple and invaluable approximate solution to Eq. is a ‘Newtonian spacetime’, for which
the equations of GR reduce to those of Newtonian gravity, giving the zeroth-order approximation in
the post-Newtonian expansion. With a time coordinate 2 = ¢ and Cartesian spatial coordinates

with ¢ = 1, 2,3, the metric (1.3.1)) of a Newtonian spacetime reads
2 20\ 2.2 i —2
ds® = — | 1+ — | c"dt” + da'dx" + O(c™7), (1.3.3)
c

where ¢(t,x) is the Newtonian gravitational potential, with 1/c? being used as a small expansion

parameter. Einstein’s field equation (1.3.2]) for this metric reduces to the Newtonian field equation
V3¢ = 47Gp, (1.3.4)

a Poisson equation sourced by the (rest) mass density p(t,x) = 7% + O(c™2).

9Concerning notation and conventions: 4D spacetime indices are denoted by Greek letters, u, v, p, 0, ...,
and 3D spatial indices by Latin letters, i, j, k,m, ..., with the Einstein summation convention in force for
both types. Spatial indices are always contracted with the Kronecker delta d;;, and up or down placement of
spatial indices has no meaning whatsoever (usually being decided by aesthetics). Sometimes ¢ is used for a
4-vector v¥, and v for a 3-vector v’. For a 3-vector v, v? = v;v; = §;;v;v;.

Spacetime covariant derivatives are denoted by V. Partial derivatives are denoted by 9,, for spacetime, by
9; for space, and by overdots (or 9;) for the time coordinate ¢. Until indicated otherwise (in Sec. , Vv?
denotes the flat 3D Laplacian, V2 = 04;0;0;.



The proper time 7 along a timelike curve z# = z#(t) = (¢,z(t)) in the geometry (1.3.3) is

o= i/dt\/—gw(z)cgtd;; - /dt (1 + gbg) - ZV; +O(c4)>
- 1/dt <mv2 _ m¢(z)) + 0@, (1.3.5)

mc2 2

where v = dz/dt, and we have inserted factors of a mass to be suggestive. At leading order in 1/c?,
we have 7 = t, which gives Newton’s absolute time, the same for all observers on any trajectory.
The O(c2) terms encode the leading-order relativistic time dilation due to motion and to gravity.
While one does not consider these terms in defining time in a strictly Newtonian interpretation,
these relativistic corrections to 7 give rise to the Newtonian equations of motion, in the following
sense. Test masses in GR move along timelike geodesics, which are curves which extremize 7, the
functional (1.3.5)) of the trajectory z(¢). But we recognize this as 7 =t — S/mc? + O(c™*), where
S is the action of a test mass in Newtonian gravity, whose extremization leads to the equation of

motion
d2 Zi
m
dt?

= —mdi¢, (1.3.6)

giving the Newtonian gravitational force on a free point massE

Roughly speaking, Newtonian gravity (and by extension, PN gravity) will provide a good
description of a binary system whenever speeds and potentials in the system obey v? < ¢ and
¢ < 2, but this statement has important caveats.

Firstly, the instantaneous action at a distance inherent in the Newtonian field equation ([1.3.4)) is
replaced in GR by field information traveling at the speed of light. Sufficiently far from the system,
no matter how weak its gravity, retardation effects must be taken into account (along with other GR
effects). This restricts the validity of a Newtonian (or PN) description of the gravitational field to the
near zone, out to distances D from the system for which the light travel time is much less than the
timescale on which the gravitational field is changing, D/c < ¢/¢ ~ /v ~ (GW wavelength)/ c
Beyond this region, in the far zone, one must switch to a post-Minkowskian description of the

gravitational field to properly describe GWs propagating to infinity (see Secs. and .

10More generally, for a continuous distribution of matter, also interacting via forces other than gravity,
Newtonian gravity is completely described by [in addition to the field equation ] the Euler equation
and the continuity equation , which express stress-energy conservation at Newtonian order,
discussed further in Sec. [3.2.]) below.

U'Note that the condition that a binary be within its own near zone, r/c < ¢/d ~ r/v ~ Aaw/c is
equivalent to (the square root of) the slow-motion, weak-field condition v?/c? ~ ¢/c? < 1.
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Secondly, it need not be the case that gravity is weak throughout the system. In particular,
even if ¢/c? ~ 1 near or within the two bodies (as for BHs and NSs), the orbital dynamics will still
be nearly Newtonian as long as there exists a region surrounding and between the bodies where
#/c? < 1. The next section explains how this is so, employing the multipole decomposition of the

gravitational field.

1.4 Multipole expansions and black holes in Newtonian orbits

Consider an isolated system S (which could be a body in a binary, or the whole binary), and say, for
the moment, that Newtonian gravity is valid throughout the system. In a finite vacuum region that
surrounds the system, a buffer region, the solution to the field equation for the Newtonian
potential ¢ can be cleanly split [thanks to the linearity of Eq. } into two parts, @ = @int + Pext,
each satisfying the vacuum field equation V2¢ = 0. The internal part ¢, is generated by the mass

density p within the system, given by the standard inversion of Eq. (1.3.4) B

Pint(,x) = —/Sdg'x’p(t’xl,)r (1.4.1)

|x —x
and the external part ¢ey; is generated by the rest of the Universe, beyond the buffer region.

The solution (1.4.1)) for ¢iy, can be expressed as a multipole expansion at large x by using the

Taylor series

1 1 1 1 (—)* 1

where r = |x|, 0; = 0/0x;, angular brackets denote symmetric-tracefree (STF) projection of enclosed
indiceﬂ and iy,...,i, are ¢ different spatial indices. With this, Eq. (1.4.1) becomes
M

11 1 (—)* 1
¢int = —7 + M; 81; — EMU 8,8]; 4+ ... = TMI'IMQ 8i1. . .aie; 4+ ... (1.4.2)

12Here and from now on (except when otherwise noted), we set G = 1.

13The presence of the STF projections arises as follows: ;,...9;,(1/r) is a STF tensor because partial
derivative commute and because V2(1/r) = 0 (away from x = 0). Contraction of an arbitrary tensor with a
STF tensor projects out the STF part of the former. Further discussion of STF projections is given below in

Secs. and [3.2.11} or see Ref. [28] or [29].
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where

M(t) = /Sdgx p(t,x), M;(t) = /Sdgzz: x; p(t,x), M;;(t) = /Sd?’x T<itis p(t, %),

M, ., (@) = /Sd?’a: Tiy. - Tips p(t, ), ... (1.4.3)

are the system’s STF mass multipole moments: the monopole M (¢ = 0), dipole M; (¢ = 1),
quadrupole M;; (¢ = 2), etc. The internal potential depends on time only through these
moments (which depend only on time), with the spatial dependence given by the derivatives of 1/r.
The monopole M is the system’s the total mass, the dipole M; its center of mass position (times
M), and the higher-order moments characterize the non-sphericity of the system’s mass distribution.
We see that the ¢th moment scales at most like M R’ where R is the size of the system, and its
contribution to the potential then scales like (M/r)(R/r)" at most.

Without regard for how it is produced by the external Universe, we can similarly expand the

external potential ¢ey in a Taylor series about x = 0:

1 1
¢ext = _G(O) — GZ Tr; — §G1J w,;xj — ... EGilmie LjpewooLjy — ovn (1.4.4)
where
Gh...zj (t) = — [811 .. 8¢€¢ext(t, X)]X:O (1.4.5)

is the ¢th tidal moment. The tidal moments are also STF tensors, as follows from VZ¢ey = 0.
The moment Gy (¢ = 0) is a spatially constant piece of the potential, G; (¢ = 1) gives a uniform

external gravitational field, and the higher-order moments characterize tidal fields from the external

Universe. The expansions (|1.4.2)) and (1.4.4]) in terms of STF tensors are entirely equivalent to

expansions in terms of spherical harmonics [30].

Through Egs. and , the multipole moments, characterizing the system, and the
tidal moments, characterizing the external Universe, are encoded in the vacuum gravitational field
surrounding the system.

In Eq. , the system’s multipole moments are defined as integrals over the interior of the
system of its mass density p(¢,x), assuming that the system can be described by such a Newtonian
matter distribution. Now suppose that this is not the case: the system may have strong internal

gravity, and could even contain a BH, having no matter but still producing a gravitational field.
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Figure 2: A (post-)Newtonian binary of bodies with strong internal gravity (like neutron stars or

black holes). The regions of strong gravity are confined to the (violet) interior zones,
which include vacuum regions surrounding the bodies. In the (blue) near zone, gravity
is sufficiently weak to be described by (post-)Newtonian gravity. In this ‘buffer’ region,
effective multipole moments and center-of-mass worldlines for the bodies are defined in
terms of the vacuum gravitational field. Beyond distances D ~ Agw ~ rc/v, in the far
zone, the (post-)Newtonian description of gravity (described here and in Sec. must
be replaced by a post-Minkowskian description (described in Secs. and .
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Even then, there may exist a vacuum buffer region, surrounding but not too close to the system, in
which the spacetime is approximately described by a Newtonian gravitational field with ¢ < 2.
In that case, the multipole moments can be operationally defined by the expansion of the
internal potential in the vacuum buffer regionE The sum of Egs. and represents the
most general solution to V2¢ = 0 in the buffer region (with all the STF moments being arbitrary
functions of time [for now]), so that any system with a Newtonian buffer region can be characterized
by such moments.

The multipole and tidal moments are useful because the system’s translational equation of motion

(EoM) can be written solely in terms of these moments. By integrating the equations of Newtonian

stress-energy conservation, Eqgs. (3.2.2)) and (3.2.3)), over the interior of the system, one can derive

the relations M = 0, expressing the conservation of the system’s mass, and

. 1 1
M;, = MG; + MjGij + §MjkGijk +...+ EMjlmijijlij + ... (1.4.6)

which relates to conservation of momentum and serves as an EoM for the system’s center of mass.

The EoMs M = 0 and determine the time evolution of the system’s mass monopole and
dipole, with the effects of the system’s internal structure entering only through the presence of
the higher-order mass multipole moments in Eq. . The evolution of those higher moments
depends on the details of the system’s internal dynamics.

Before translating the EoM into a more familiar form, let us consider systems with strong
internal gravity. As discussed above, one can define Newtonian multipole moments for such a system
via its vacuum gravitational field in a Newtonian buffer region (provided such a region exists),
without reference to its interior. It turns out that one can also derive the EoM (as well as
M = 0) without reference to the interior: instead of using Newtonian stress-energy conservation
in the interior, one can derive the same Newtonian EoM by using the first-post-Newtonian (1PN)
vacuum field equations in the buffer regionE This means that the EoM is equally valid for
bodies with strong internal gravity, provided they admit a Newtonian buffer regioan_GFeven binary

BHs will follow Newtonian orbits if the BHs are separated by a sufficient distance.

14To make this precise, one can define the multipole moments as surface integrals of the vacuum gravitational
field in the buffer region, as shown for the Newtonian and 1PN cases in Appendix E of Ref. [31].

15This fact seems to have been first demonstrated by Thorne and Hartle [28]; see also Futamase [32] and
Racine and Flanagan [31].

16This condition fails, e.g., when the body is emitting a strong burst of GWs.
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Now, consider a binary in which body ‘1’ is spherically symmetric (for simplicity), while body ‘2’
is arbitrarily structured, having a quadrupole Méj (t), octupole M;j k (t), etc. By applying the EoM
(1.4.6) separately to each body (each body being the system §), one can derive the EoM for the

separation z'(t) = 24(t) — 2 (¢) between the bodies’ CoM worldlines z%(¢) and 24 (t)m

) MMy . 15M ; w
pE = - 12 “n — 2 41Mgkn<l”]”k> R
r r
¢
@AV My
) (£‘+ ) HlQ]\/.l'gl“']‘ZnQnJ1 N (1.4.7)
! r

The first term here gives the point-particle EoM (or the EoM for perfectly spherical bodies) leading
to the well-known Keplerian orbits. The remaining terms, involving the higher-order mass multipoles,
give the tidal perturbations.

The orbital EoM by itself does not provide a complete description of the dynamics, as one
needs also to determine the evolution of the quadrupole M;j (t) and higher multipoles. In general,
this will require a detailed model of the body’s internal dynamics. However, for a body which
develops non-sphericity in response to a slowly varying external tidal field, one can use a model
with adiabatic (instantaneous) linear response of the multipoles. In that case, one can show that

the ¢th mass multipole moment (¢ > 2) will respond according to
M-e(t) = N Glie(t), (1.4.8)

where G is the ¢th tidal moment, and ), is a constant ‘tidal deformability’ response coefﬁcient@

With adiabatically induced mass multipoles as in Eq. (1.4.8]), the orbital EoM (1.4.7)) simplifies to

pEl=———n' - T71nl—...—(E—l—l)(%—l)!!rT_i_;’n’—... (1.4.9)

which now does provide a complete description of the dynamics and can be directly integrated to

solve for the orbit.

1"Note in Eq. that M = My + My, p = MyMy/M, r = |z|, and n® = 2/r, and we are in the
binary’s CoM frame. Note also that the higher-order multipole moments appearing in Eq. are those
measured about the body’s center of mass, as in Eqs. (3.2.613.2.7) below, rather than about a fixed origin, as
in Eqgs. . A derivation of the EoM (|1.4.7)) which works in a global inertial frame is given below in
Sec. [3:2] and derivation which works in accelerated frames attached to the bodies’ CoMs is given in Sec. III
of Ref. [33].

18Calculation of the tidal deformability coefficients for neutron stars (in a fully relativistic context) is
discussed briefly below in Secs. and and in detail in Refs. [34] [35] [36] [37]. The responses of black
holes to tidal fields is discussed e.g. in Refs. [38] [39] [40].
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The extension of the orbital EoMs (1.4.7)) and (|1.4.9) to include the effects of first-post-Newtonian

gravity, at quadrupolar order in the multipole expansion, is the subject of Chapter |3l The coming
section reviews some of the basics of the post-Newtonian description of binary orbits, closely
paralleling our discussion of the Newtonian case, and outlines the content of Chapter

Before leaving the subject of Newtonian multipole expansions, we should note another use of the
multipole and tidal moments. Just as for a single body in a binary, an entire binary system can be
characterized by its mass multipole moments, and the external gravitational influences on it by its

tidal moments. These are defined by the vacuum gravitational field surrounding the binary (which

is now the system &), expanded in the form of Egs. (1.4.2)) and (1.4.4)).

We will see in Sec. that the GWs emitted by a Newtonian binary are determined by the
evolution of its Newtonian mass quadrupole M%(t). Also, the backreaction on the orbits due to

GW emission can be encoded in the system’s quadrupolar tidal moment G%(t).

1.5 The post-Newtonian approximation

The post-Newtonian approximation has the same realm of applicability (qualitatively) as the
Newtonian approximation: it assumes ¢ ~ v?/c? ~ GM/rc?> < 1, its validity is restricted to the
near zone, and it can (sometimes) describe the orbits of bodies with strong internal gravity. The
Newtonian spacetime metric was itself an expansion in 1/c? (or in €), accurate to O(c"), and
the nth-post-Newtonian metric extends this accuracy to O(c=2").

To the Newtonian metric ds? = —(c? +2¢)dt? + §;jdz'dz? + O(c=2), the 1PN metric adds O(c™2)

corrections:

202 2(; , 2P o
ds* = — <02 +20 + 2) dt? + —gdtdx’ + (1 + 2) Sij da'da? + O(c™?). (1.5.1)
c c c

The potential ® is related to the Newtonian potential ¢ by ® = ¢ + O(c™2), being the same at
Newtonian order but differing at 1PN order. The nonlinear parametrization gog = —c? —2® — 22 /c?
is chosen to linearize field equation for ®. Through the ®2 term, 1PN gravity encodes nonlinear
GR effects even though its field equations are linear. The new degrees of freedom are the 3-vector
potential ¢;, known as the gravito-magnetic potential, appearing in go;. While g;; does get O(c™?)
corrections, the Einstein equations dictate that these are determined by the same potential ®
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appearing in gog, introducing no more new degrees of freedom at 1PN orderm

The 1PN metric (1.5.1)) solves Einstein’s equations to O(c~2) when the potentials solve the field
equation@

1 9%

Z5z O, V(' =167GT" +0(c™?),  (1.5.2)

1 .
V2P = 471G (TOO - 2T“> +
c
and the harmonic gauge Condition@
Ou(vV=99"")=0 = 4d+09;(;=0(c?). (1.5.3)

Just as in Newtonian gravity [cf. Eq. (1.3.5))], the geodesic worldline x° = z(¢) of a free test-mass

can be found by extremizing its proper time 7 = t — S/mc?, where the action S[z(t)] at 1PN order is

S = m/dt |:<U22 - ‘b) + 0172 <U84 — (Ij — 3@2’02 —i—’UZ'Q) + 0(0_4):| . (1.5.4)

When this is combined with a solution to Egs. (1.5.2) with point-particle sources,lﬂ the resultant

EoMs for a point-particle binary are typically referred to as the (2-body) Einstein-Infeld-Hoffman

(EIH) equations, from their 1938 derivation [42], though they were first derived by Lorentz and

Droste in 1917 [43]. The harmonic-gauge forms of these EoMs are given in Eqgs. (3.3.33¢| [3.3.33d])

or Eq. (3.5.9b)) below. Point-particle EoMs are now known through 3PN order, as detailed in the

review by Blanchet [21].

9Note that Eq. incorporates a gauge specialization, the conformally Cartesian gauge condition [29].

20The first of the field equations resembles a wave equation, but when treated perturbatively in
1/c? gives only a leading order retardation effect and not actual wave-like behavior. [In a perturbative
treatment, one first solves the zeroth-order equation V2® = T + O(c~2). That solution is substituted into
the ¢=2(9%®/0t?) term in Eq. )7 which then serves as a fixed source for the Poisson equation for the
1PN-accurate ®.]

The material source for V2®, being simply rest-mass density p at Newtonian order, receives relativistic
corrections from all forms of energy and pressure (or stress). For a perfect fluid, for example,

T +c72T% = p+ ¢ 2(2pv* — 2p® + £ + 3p) + O(c™4),

where p is proper rest-mass density, v* = dx'/dt, ¢ is internal energy density, and p is pressure.

The Poisson equation ) for the gravito-magentic potential (; is sourced by the momentum density
(or mass current) T = pv® + O(c™2). The name comes from the close analogy with the 3-vector potential A*
of magnetostatics, with V2A? = —4rJ?, J* being electric current density.

Textbook treatments of PN gravity, drawn upon here, can be found in Chapter 39 of MTW [II] and
Chapter 9 of Weinberg [41].

210ther gauge choices are possible, such as the ‘standard PN gauge’ 3% + 9;¢; = O(c™2), but will lead to
different field equations.

22The solutions to the field equations with point-particle sources diverge at the locations of the
particles. This problem is easily remedied by simply dropping all the divergent terms in the geodesic action
(1.5.4).
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The 1PN orbital dynamics for a system of non-spherical bodies presents a somewhat greater
challenge than the point-particle dynamics, primarily due to issues in disentangling physical effects
from coordinate or gauge effects in describing the coupling between internal and orbital degrees
of freedom. These issues were resolved in the early 1990s by Brumberg and Kopeikin [44}, 45, [46]
and Damour, Soffel, and Xu (DSX) [29, 33] [47, 48], who developed comprehensive theories of 1PN
reference frames, relating a global inertial frame to frames attached and specially adapted to moving
bodies. The work of DSX provided a framework and prescription to compute orbital EoMs for
arbitrarily structured bodies, based on multipole decompositions of the 1PN gravitational field.

The general solutions to the 1PN field equations in a vacuum region surrounding any

i

system can be written in the forms ® = iy + Pexr and ¢ = ¢, + 'y, expanded as follows. The

multipole expansion of ®;,; defines the system’s 1PN-accurate mass multipole moments,lﬂ

M 11 1 —)f 1
Oy = —— + M;0,— — *Mijaiaj* + ... = QMLaL* + ... (1.5.5&)
r ro 2 r 1 r
1 [.- 1. (—)° . 4
+2702 M;0;r — QMZ]&@JT—# — TMLaLT—I— +O(C )

The first line gives the general solution to the Laplace equation that goes to zero at infinity, and
adding the second line yields a particular solution (perturbatively) to the vacuum field equation
V2® = ¢ 2(0®/0t) + O(c™*). The expansion defines the system’s mass monopole M(t),
dipole M;(t), quadrupole M;;(t), etc., to 1PN order, from the vacuum gravitational field outside the
system. The 1PN-accurate ‘electric-type’ tidal moments G, experienced by the system are defined

by the expansion

1

K'GLxL—i_“. (155b)

1
<I)ext - —G(o) - szz — iGijxixj — ... —

r2 1

1
2c2 |3

.. 1
7Gijxi33j +.oo+ s———5Grrp +...| + 0(0_4)’

. 1.
o+ 5Girit 20+3

the first line being the general solution to the Laplace equation which is regular at the origin and

the second giving a particular solution for the retardation term.

2The 1PN mass multipole moments coincide with the Blanchet-Damour [49] moments for bodies with
weak internal gravity, and their definitions were extended to bodies with strong internal gravity by RF [31].
Note that the gauge of Egs. has been somewhat specialized (within harmonic gauge) to make the
physical information clearer. Gauge issues that we gloss over here are discussed in detail in Section [3.3

Here we have introduced the ‘multi-index’ notation L = ay ...ay for £ different spatial indices, discussed
further in Chapter [3| or in Ref. [29].
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One can similarly perform a multipole decomposition of the gravito-magnetic potential (’:

, 1 4 1 40(—)* 1
Ciznt = 26ijk5jak; - §€iijmjakam; +...— (f—(}— 1))!€ij<aZSL_1>jaLT + ... (1.5.5C)
4M; o1 4(=)t 1 L
— OM;i0i—+...— ————M;zd—+...+ O .
r + ]JT+ L+ 1) LL7"+ +0(c™)

This expansion@ defines the system’s STF current multipole moments: S; is the system’s spin (or
angular momentum, or current dipole), S;; its current quadrupole, etc. (with no current monopole).
The second line shows that the system’s linear momentum M; also contributes to ¢?, as well as
time-derivatives of its other mass multipoles. Finally, the ‘magnetic-type’ tidal moments Hy, (¢ > 1)

experienced by the system are defined by the expansion

i 1 1 14
Cext = §6iijjCCk + geiijmjxkxm + ...+ meij<aeHL—1>xL + ... (1.5.5(1)
'y 6 . 0. A20-1) )
_gG(O)CUZ - gG]xsz'] - ﬁijxzx].rk i m5i<azGL_l>xL + ...+ O(C 2)

The moment H; gives a uniform gravito-magentic field (equivalent to placing the system in a rotating
reference frame), and the higher-order moments encode gravito-magnetic tidal forces acting on the
system.

A system’s 1PN mass and current multipole moments can be defined as integrals over its interior
stress-energy distribution [see Eqs. ], provided 1PN gravity is valid in its interior. If the
system has strong internal gravity, but is surrounded by a vacuum buffer region where 1PN gravity
is valid, one can instead use the multipole expansions of the vacuum 1PN potentials to define
these moments 2

Just as in Newtonian gravity, a system’s translational equation of motion can be written solely in
terms of its multipole and tidal moments (now of electric- and magnetic-type). By integrating the

equations of 1PN stress-energy conservation over the system’s interior, DSX [33] derived equations

24The expansion (1.5.5¢) of ¢}, also is simply a general solution to the Laplace equation, as is more evident
when written in the form

1
2

int —

1 —)¢ 1
Zijkajak; + ... = uzijl__j[ail . e ﬁiz; =+ ...

) 1 1
! —Zi— 4+ Z;:0,— —
TJF Iy 0!

The tensors Z;;, .. j, are split into parts according to their properties under interchange or contraction of the ¢
index with one of j; ... j,. The antisymmetric part defines the current multipoles Sy, the STF part is related
to M(z+1) (required by the harmonic gauge condition), and the trace part is gauge (omitted here). A similar
decomposition applies to ¢, in Eq. ll See Sec. for details.
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of the form

M FI{ML}, {GL}] + O(c™™),

M; = FH{Mi}{Sc}AGL}y {HL}] +O0(c™). (1.5.6)

The first of these relates to Newtonian energy conservation, and the second gives the 1PN corrections
to Eq. , given explicitly by Eq. below. To extend the validity of these equations
to systems with strong internal gravity, Racine and Flanagan (RF) [31] presented an alternate
derivation which uses the 2PN vacuum Einstein equations in a buffer region surrounding the system.

The relation can be used to derive the 1PN orbital equations of motion of a binary with
arbitrarily structured bodies [to derive the 1PN corrections to the Newtonian Eq. (1.4.7)]. It was
first used by DSX [47] to derive the 1PN spin-orbit coupling [reproduced in Egs. or
Eq. below]. Subsequently, Refs. [50, 1] presented the terms in the orbital EoMs arising
from the bodies” mass quadrupole moments, and later Ref. [31] gave expressions for the terms from
arbitrarily high-order mass and current multipole moments. However, the results of Refs. [50, 51, 31]
contained errors, revealed by the work of Chapter [3| of this thesis. Chapter [3| also goes beyond
the scope of Refs. [50, 51, B1] in several ways, as discussed in the last three bullets of this brief

summary:

e We begin by reviewing the literature on tidal effects in LIGO-band binaries and how they can

be exploited by GW detectors to probe the equation of state of neutron star matter. (Sec. |3.1))

e We then review some further aspects of Newtonian tidal effects: from orbital EoMs to an action
principle for the orbital dynamics, the evolution of a body’s spin (due to tidal torques) and

internal energy (due to ‘tidal heating’), and adiabatic linear response to tidal fields. (Sec.

e Following the DSX formalism [29] B3] for 1PN celestial mechanics and some of its modifications
by RF [31], we review the precise definitions of a body’s multipole and tidal moments, defined
in body-adapted coordinates, and its CoM worldline, defined in global inertial coordinates, and
the relationship between those coordinates. We derive the 1PN orbital EoMs for a binary of
arbitrary bodies, keeping the mass monopole, spin, and mass quadrupole terms in the multipole
expansions, working to linear order in the spin and quadrupole. We discuss why a consistent

treatment of quadrupolar tidal effects at 1PN order necessitates the inclusion of spin-orbit

coupling effects. (Sec.
19



e We then derive formulae that relate the bodies’” multipole moments and CoM worldlines to
the multipole moments of the entire binary system. The system’s 1PN mass monopole is seen
to equal its total rest mass plus total Newtonian energy/c?. The time derivative of its mass
dipole is the 1PN-accurate total momentum. The constancy of this momentum should be
implied by the orbital EoMs, and this serves an as important check that our EoMs are correct

(and one not satisfied by the results of Refs. [50, 51}, B1]). (Sec.

The system’s 1PN-accurate mass quadrupole (as well as its mass octupole and current
quadrupole at Newtonian order) are derived from the results of Sec. and used in the

calculations of gravitational radiation in Chapter [4

e The conservation of 1PN momentum allows us to specialize to the system’s CoM frame. We

show that the simplified orbital EoMs in the CoM frame can be encoded in an action principle

for the CoM worldline. (Sec.

e With all previous results allowing completely generic internal dynamics, we then specialize to
the case where a body’s quadrupole is adiabatically induced, with instantaneous linear response
to the external tidal field. We show how the resultant dynamics can also be incorporated into

a rather simple action principle. (Sec. |3.6))

Since the completion of this work, some of our results have been verified by the work of Bini,
Damour, and Faye (BDF) [52]; similar results specialized to circular orbits were previously presented
by Damour and Nagar (DN) [37]. These authors’ results are obtained through effective action
techniques, taking the point-particle action and supplementing it by terms quadratic in the Riemann
tensor evaluated along the worldline; this gives the tidal coupling for bodies with adiabatic linear
response to tidal fields, but does not allow a determination of the tidal coupling for arbitrary internal
dynamics. The work of BDF has also presented results for the adiabatic quadrupolar tidal coupling
to 2PN order. Appendix below demonstrates the agreement between the 1PN results of DN and

BDF with ours.
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1.6 Gravitational waves in the post-Minkowskian approximation

While the post-Newtonian approximation can provide a good description of the orbital dynamics
of a weak-field, slow motion binary, it cannot describe the GWs emitted by such a binary. For
this purpose, one must turn to the linearized or first-post-Minkowskian approximation (or the
higher-order nth-post-Minkowskian approximations). Post-Newtonian gravity fails to describe GWs
because its field variables obey instantaneous Poisson equations rather than wave equations (with
perturbative retardation effects coming in at higher PN orders, valid only in the near zone). While
the field variables of linearized GR do obey wave equations and describe far-zone GWs, we will see
shortly how linearized GR fails to describe binary orbital dynamics.

The linearized approximation is based on the metric ansatz
G = N + hyws + O(?), (1.6.1)

positing that the spacetime metric g,, differs from the Minkowski metric 7,, = diag(—1,1,1,1)
by a small perturbation h,,, working to linear order in hﬁ Extending this to O(h™) defines
the nth-post-Minkowskian approximation. The metric perturbation h,, can be thought of as a
tensor field living on Minkowski space, much like the electromagnetic vector potential A, in special
relativity, and its dynamics have many parallels with those of A,.

From the general covariance of full GR, linearized GR inherits a linear gauge invariance. The
theory is invariant under linearized coordinate transformations of the form x* — z# + £#(x), for
any (small) vector ¢, which transform the metric according to g,, — g — 20,6,y This means
that of the ten degrees of freedom in the metric g (a symmetric 4-by-4 matrix), six are physical and

four (corresponding to the gauge vector £) are pure gauge@ One useful way to fix (most of) the

25Here we switch to units where G' = ¢ = 1. Note that the Newtonian metric is also of the form
7 the Minkowski metric plus a perturbation, the difference being that the Newtonian metric only allows
a perturbation to the time-time component, hgg = —2¢. This is because the small expansion parameter in
(post-)Newtonian gravity is 1/c2, and since 7, = diag(—c?,1,1,1), this makes spatial directions ‘higher-order’
than time directions—this in essence is the slow-motion approximation. In linearized GR, space and time are
on more equal footing.

One can use Newton’s constant G (the coupling constant between gravity and matter) as a formal expansion
coefficient for linearized GR (like 1/c¢? for PN theory), but here we set G = 1 and use the scale of the
metric perturbation h as our small parameter. The indices of hy, (and d,) are raised and lowered with the
Minkowski metric. Textbook treatments of linearized gravity (drawn upon in this section) can be found, e.g.,
in Chapter 18 of MTW [I1], Chapter 10 of Weinberg [41], and Section 4.4 of Wald [53].

26This is analogous to the gauge freedom A,, — A, + 9, in electromagnetism. There, three of the four
degrees of freedom in A,, are physical, and one (corresponding to the gauge function \) is pure gauge. The
harmonic gauge condition is analogous to the Lorentz gauge condition d,A4* =0 .
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gauge freedom is to impose the harmonic gauge condition,

v 7 uv 7, 1
0= 0,(vV—gg"") = —0,h" + O(h?), P = hywr = S (1.6.2)

where ﬁw, is the trace-reversed metric perturbation, often a more useful field variable than h,, (and
a fully equivalent one because hy, = fLW - %nwnp”ﬁpg).

The Einstein equations for the linearized metric (1.6.1)) with the gauge condition
reduce to

OrM” = —167TH, (1.6.3)

where [ = /9,0, is the flat-space wave operator. Operating with 9,, on this equation and using

the harmonic gauge condition (|1.6.2)) yields
9, T" =0, (1.6.4)

which is the flat-space conservation equation for the matter stress-energy tensor@ Flat-space stress-
energy conservation implies that test-masses move along flat-space geodesics (straight lines)—they
are not deflected by gravity. In linearized GR, though the field equation tells us that matter
does generate a gravitational field, the influence of the gravitational field on matter is a higher-order
effect. This is why linearized GR cannot consistently describe the orbital dynamics of a binary.
Of the six physical degrees of freedom in the metric perturbation, it turns out that two are
independent dynamical degrees of freedom, while the other four are ‘slave’ degrees of freedom,
being determined non-dynamically by the matter degrees of freedom. A careful analysis of the
gauge-invariant content of the field equations reveals that only two gauge-invariant degrees
of freedom obey wave equations while the other four obey instantaneous Poisson equations@
The two dynamical degrees of freedom, those that describe actual gravitational radiation (in
vacuum), are gauge-invariantly associated with the transverse-traceless (TT) part of the space-space

part of the metric perturbation, i.e. the part h;l;T of hj; which obeys

Oihg;t =0, rET =0, (1.6.5)

2"Egs. (1.6.3) and (1.6.4) are analogous to JA* = —47J* and 9, J" = 0 in the EM case.

28 A succinct derivation of this result is given in the review by Flanagan and Hughes [54]. This also has an
analog in electromagnetism, where, of the three physical degrees of freedom in A,,, two are dynamical (the
two independent polarization states of EM waves) and one is ‘slave’.
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and is the same as EiTjT in vacuum. From this and Eq. 1) we see that a vacuum gravitational

plane wave in linearized theory, moving in the z-direction, takes the form (of the real part of)

1 0 0 010 .
hit(ta,y,2)=|he | 0 =1 0 | +he| 1 0 0 ||t (1.6.6)
0 0 0 000

Here, hy and hy are the amplitudes of the two independent polarization states, called ‘plus’ and
‘cross’. The polarization tensors show that the z-directed wave shears spacetime in the x- and
y-directions, reflecting the transverse nature of GWs. A succinct review of how such plane waves
interact with matter, and in particular with GW detectors, can be found in the review by Buonanno
[55].

Gravitational waves carry energy, momentum, and angular momentum, as can be described by

their effective stress-energy tensor (interpreted on the Minkowski background):

1
G
TWW = oo (Ouhi; Oy b5t (1.6.7)

where the angular brackets denote a spatial average over several wavelengths of the GWSE This
stress-energy tensor can be used to calculate the flux of energy (or momentum, or angular momentum)
carried by linearized GWs away from a radiating system to infinity. Equating that flux to the
rate of change of the system’s energy (etc.) is often a useful (and simple) way of determining the
backreaction on the system due to GW emission (and is the method used in Chapter 3 below).

The energy-momentum in GWSs, or more generally, in the gravitational field, also serves as a
source for more gravity. Such nonlinear effects enter in higher-order post-Minkowskian theory, which
can be formulated as followsm Given the exact spacetime metric g,,,, we define the potentials
h* =t — \/—gg"¥, which coincide with the trace-reversed metric perturbation at linear order,
and impose the harmonic gauge condition a,jz/w = 0. The exact Einstein equations can then be
written in the form

Oh* = —167(—g) (T* + ), (1.6.8)

where O = n#0,,0,, and 7" is an effective stress-energy pseudo-tensor for the gravitational field,

which is composed of terms at least quadratic in A* and its derivatives. (This 7+ differs from

291t is a characteristic feature of GR that the energy-momentum content of the gravitational field itself
cannot be meaningfully localized. For linearized GWs, the ambiguity in the location of energy-momentum is
on the scale of a single GW wavelength, and one can show that the averaging over several wavelengths in
Eq. then gives an unambiguous definition of GW stress-energy.

30See e.g. Refs. [211, 56, 57].
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the Landau-Lifshitz pseudo-tensor [58] only by two terms quadratic in A*”, having terms up to
sixth order in h#¥.) Thus, at O(h'), this gives the linearized field equations (1.6.3). One can
then iteratively generate the higher-order approximations, with the source 7#¥ at each order being

determined by the lower-order solutions[]]

1.7 Generation of gravitational waves by post-Newtonian sources

A rigorous description of GW emission from post-Newtonian binaries can be found by matching a post-
Newtonian treatment of the near-zone orbital dynamics onto a post-Minkowskian treatment of the
far-zone GWS@ An important feature of the results is that increasing orders in the post-Newtonian
expansion are coupled to increasing orders in the multipole expansion of the post-Minkowskian
gravitational field (as well as to increasing post-Minkowskian orders).

Similar to the vacuum post-Newtonian potentials in Egs. , the multipole expansion of
the post-Minkowskian potentials A*" in a binary’s far zone can be parametrized by a set of mass
multipole moments I, (¢ > 0) and current multipole moments Jy, (¢ > 1) [renamed M — I and
S — J because they generally differ from their PN counterparts| which characterize the binary.
These moments are defined by the following general solutionlﬁ to the vacuum linearized field
equations ((1.6.3]) (which are simply homogeneous wave equations) and the harmonic gauge condition

(1.6.2)) (with some extra gauge specialization here for simplicity):

p% = 4§: (_')ZaL<IL(“)>, (1.7.1)

=0 r
. e _\¢ I’L _ u E J — U)
ROl _42( ‘) [(%1( (L Tl)( )) +€+16ijkaj@1)< k(Lrl)< >]7
=1
o0 g .
y —-)¢ [ (Iij(L2)(u)> 20 €km(idjym(L—2) (1)
i~ 1 o, ¢ L |
= ! T {41 r

where all the moments are functions of the retarded time u =t — r, and dots denote u-derivatives.

Such moments can also be used to parametrize the general nth-post-Minkowskian solution to the

31This general formulation of the Einstein equations can also be used to generate the post-Newtonian
expansion, when the post-Minkowskian solution is re-expanded in powers of 1/¢ [21].

32The material in this section draws from the reviews by Blanchet [2I] and Will and Wiseman [56] and the
lecture notes by Poisson [57].

33Note that there are no ‘tidal’ terms (no terms growing with ) in Eq. , since this solution is valid
as r — oo, and we assume the spacetime is asymptotically flat, using asymptotically inertial coordinates.
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field equation @ When matching onto a source described by 1PN gravity, the linearized
solution is sufficient to describe the radiation propagating to inﬁnity@

The matching procedure, to determine the PM moments I, and Jy, from the interior PN dynamics,
is accomplished as follows. One performs a near-zone expansion, an expansion in small r, of the PM
solution; this is closely related to the 1/¢ expansion, since the retarded time appearing in the PM
solution is really uw =t — r/c with c¢s restored. The result can then be directly identified with
the far-zone expansion of the interior PN gravitational field.

With details given in Refs. [211 [56] 57], the results relevant to our purposes are
I (u) = Mp(u) + O(c™3), Jr(w) = Sp(u) + O(c™?), (1.7.2)

where the 1PN moments M and Sy, defined as functions of ¢, are evaluated at ¢ = u. While these
expressions may seem somewhat anticlimactic, this is because we are working only to 1PN order.
At 1.5PN order and higher, these relations pick up corrections due to nonlinear memory effects and
tail effects (or multipole-multipole couplings)@

With these identifications, the gravitational radiation at infinity is given by the transverse-
traceless (TT) part of the 1/r part of hy; from Eq. (L.5.5)), which becomes (with all Gs and cs

restored)

4G

1. 1
T
hij = Epijkm <2Mkm + —

2 . 9

Gchmpnp - iepq(kSm)qnp +O(c )) , (1.7.3)
where n; is the radial unit vector and Pjjim = PipPjm — (1/2)Pij Pim, Pij = 0ij — nynj, is the TT
projection operator for radial waves. Using this waveform in the effective GW stress-energy tensor

(1.6.7) and integrating over a sphere at infinity yields the total radiated power, or the rate of energy

34This is because the nPM solution to Eq. will consist of particular solutions for the 7# source
terms (determined by lower-order solutions) plus a solution to the homogeneous wave equation of the form
. Once fixed choices are made for generating the particular solutions (when a particular inverse wave
operator is used) the general nPM solution is completely determined by the mass and current moments
parametrizing the homogeneous solution.

35A part of the 1PN solution must actually be matched onto a 2PM solution, but this part only concerns
the metric’s ‘slave’ degrees of freedom (specifically the monopole-monopole nonlinearity) and not GWs.

At higher PN orders, one must also make a change of gauge, from harmonic to ‘radiative’ coordinates, to
best describe the radiation at infinity, but this is not necessary at 1PN order.

36Note, in the language of Blanchet [21] to be concrete, we are not differentiating here between the radiative
multipole moments, Uy, and V7, and the source moments I;, and Jy,, since these differ only at 1.5PN order
and higher. Note also that our use of M, and Sy, for the PN moments does not follow Blanchet; his M, and
St and Iy, and Jp, are all PM moments which differ due to gauge issues which are ignored here.
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loss from the system:

. G . G 16G ..
E = MUM'L] 189¢ 7szkM@]k+ 45¢ v

—: 3 SijSi; +0(c®). (1.7.4)

Similar formulae can be derived for the loss of angular and linear momentum [21].

The leading-order terms in 1/c in Eqgs. (1.7.3]) and (1.7.4)) give the famous Einstein quadrupole

formulae for the gravitational radiation from a Newtonian source, where one needs only to use
the Newtonian-order value for the source’s mass quadrupole M;;. The extension to 1PN-accuracy
requires the 1PN-accurate M;; and the Newtonian values for the mass octupole M;;; and current
quadrupole Sj;.

The matching procedure also determines the radiation reaction experienced by the source, which
can be succinctly encoded in the near-zone tidal moments felt by the source. At leading order, the

source feels a quadrupolar tidal moment [contributing to the near-zone metric through Egs. (1.5.5b))

and (T5.1)] given by

2
Gij = Gat M +O(c™"), (1.7.5)

showing that the leading-order radiation reaction is formally a 2.5PN effect. The source’s reaction
to this radiation ‘tidal field’ causes it to lose energy at a rate which precisely matches the radiated
power formula . In situations with high symmetry, in particular for binaries in circular orbits,
this fact can be used to circumvent the direct calculation of the backreaction; one can instead use
energy balance, equating the radiated power formula to the rate of change of the source’s
energy, to determine the gravitational waveform.

A primary observable that can be calculated by the energy balance method, for circular orbits,
is the phase ¢ of the Fourier transformed gravitational waveform, h = Ae'Y, as a function of the
orbital frequency w as measured by observers at infinity. In the stationary phase approximation

[59] [60], this is found by solving
?V  2dE
— = =— 1.7.6
dwv? B dw’ ( )
where E is the source’s energy, expressed as a function of w.
Chapter [4] of this thesis uses the energy balance method to determine the 1PN-accurate waveform

from a circular binary containing bodies with adiabatically induced quadrupoles, building on the

orbital dynamics of such a system developed in Chapter
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1.8 Point mass inspirals in black hole spacetimes and the self-force

When a large BH of mass M is orbited by a small body of mass m < M, one can mostly ignore the
gravitational field produced by the small mass. In the limit m — 0, the small body moves along a
geodesic (equivalent to moving locally inertially) in the fixed background geometry that would be
the spacetime of the large BH in isolation.

A great advantage in this version of the two-body problem is that we have exact solutions to
the Einstein equations, the Schwarzschild/Kerr solutions, that describe the spacetimes of isolated
static/spinning BHs. The geodesic equations in these geometries are relatively easily solved, yielding
the leading-order bound orbits for a small body, which do not spiral into the BH.

Beyond this m/M — 0 limit, one must consider the perturbations to the background BH
spacetime produced by the small body. These perturbations will encode, for example, the motion
of the BH in response to the small body and the corresponding corrections to the small body’s
orbit (conservative effects), and the emission of GWs and the corresponding inspiral of the orbit
(dissipative effects).

The small body can be modeled as point particle, and one can solve the perturbed Einstein
equations for the linear metric perturbation produced by a point-particle sourcem This field,
however, diverges at the location of the particle, which presents a difficulty because it is precisely
that self-field that will exert a ‘self-force’ on the particle causing it to deviate from geodesic motion.

This kind of problem is well known, say, from flat-space electromagnetism, in which a point
charge’s self-field also diverges. Historically, issues of self-forces and radiation reaction for point par-

ticles were first understood in electromagnetism, both in flat spacetime and in a curved background.

37Given a curved background metric g, (), the full metric can be written as g, + h,, where the
perturbation %, (z) acts as a tensor field living on the curved background. Defining the trace-reversed metric
perturbation Ay, = hu — gu9°7 hyo, the full Einstein equations sourced by a point mass in Lorentz gauge
read

VPV b + 2R hyy = —167THY, + O(h?), . = m/dr utu’ 8y (z, 2(7)), (1.8.1)
where = z(7) and u”(7) are the particle’s geodesic worldline and normalized 4-velocity, V,, and R*P¥
are the covariant derivative and Riemann tensor, and d4(z, z) is the invariant 4D Dirac delta function® all
defined w.r.t. the background metric. This reduces to the first-post-Minkowskian field equation in flat
spacetime.

Note that the consistent solution to the Einstein equations at linear order in the mass ratio consists of the
particle of mass m moving strictly along a geodesic, along with the linearized metric perturbation sourced by
that geodesic worldline. The deviation of the worldline from a geodesic is a higher-order effect.
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In flat spacetime, a point charge ¢ which moves inertially feels no effect from its self-field and
emits no EM radiation. If it is accelerated by an external 3-force feyt, then it experiences a radiation

reaction force given (in the charge’s instantaneous rest frame) by
ma = fexy + ?;C]ia +0(*c™®) + O(q*c ™), (1.8.2)
where a is its 3-acceleration. This is a version of the (Abraham-)Lorentz-Dirac equation@ The
self-force is caused by the emission of EM radiation, with the emitted power being given by the
Lamour formula P = 2¢%a?/3c3.
These results can be derived from the fact (proven in Ref. [61]) that the charge responds only to

the ‘radiative’ part of its self-field, given by the future/past antisymmetric combination

1

Afad = 5 (Afct - A‘:dv) ) (183)

where AL, and AY, are the retarded and advanced solutions to Maxwell’s equations (in Lorentz
gauge, JA* = —4nJt, 9,A* = 0). The divergent (1/r) parts of AL, and AY,  cancel each
other in this combination, and the resultant Afad is well-behaved at the location of the particle
and yields the correct Lorentz-Dirac radiation reaction force via the Lorentz force law

mat = Fy, = 20l# AVly,,. The remainder of the physical field, 3 (AL

ret

+ AY,,), which is divergent,
contains incoming and outgoing radiation in equal amounts, thus leaving the particle’s energy-
momentum unchanged and having no effect on the motion.

Now consider the case of a point charge moving in a fixed curved spacetime (ignoring gravitational
perturbations). With no external (non-gravitational) forces on the charge, one expects that it should
move on a geodesic in the curved spacetime, apart from possible EM self-field effects. Geodesic
motion appears to be ‘accelerated’, due to gravitational ‘forces’, but actually is locally inertial
motion, with the acceleration a* being zero. Thus, locally applying the flat-space Lorentz-Dirac
result would suggest there is no self-force on or radiation from a point charge in geodesic
motion. Put another way, the equivalence principle would seem to suggest that a stationary charge
in a freely falling elevator will not experience a self-force.

This suggestion turns out to be wrong, as first rigorously demonstrated by DeWitt and Brehme in

1960 [62]@ They showed that a freely falling charge in curved spacetime generally does experience

38Poisson gives a thorough modern review of the Lorentz-Dirac equation in Ref. [61].
39The results of DeWitt and Brehme [62] were corrected by Hobbs [63] in 1968, in a way that affects only
non-vacuum (non-Ricci-flat) spacetimes.
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a self-force, in a nutshell, because its EM field (or the field information, leaving the charge at the
speed of light [never returning in flat spacetime]) ‘scatters’ off of spacetime curvature and returns
to influence the charge. This effect is missed by a naive application of the equivalence principle
because of its nonlocal nature.

Using essentially the same methods as DeWitt and Brehme’s treatment of the EM case (though
37 years later), first Mino, Sasaki and Tanaka (MiSaTa) [64] and then Quinn and Wald (QuWa) [65]
derived the analogous results for linear gravitational perturbations in a curved background, giving
the gravitational radiation reaction force on a free point mass in curved spacetime, now known
as the MiSaTaQuWa self-force. Analogous results for the third case of a scalar field coupled to a
point scalar charge in a curved background were then derived by Quinn [66]. We will focus on the
example of the scalar case to highlight important features of the results for all three cases. We rely
heavily on the excellent review by Poisson et al. [25], mostly following its notation.

Consider a scalar field ¢(x) obeying the curved-spacetime wave equation [the analog of Maxwell’s
equations for the EM case or the perturbed Einstein equations for the gravitational case],

sourced by a point scalar charge ¢ moving along the worldline = = z(7):

V., Vi) = —47Tq/d7' dy(z, 2), (1.8.4)

The scalar force on the particle [analogous to the Lorentz force, or to the gravitational ‘force’

encoded in the geodesic equation] is given formally by
[mo — q(2)] a* = (¢" + ulu”) Voh(2), (18.5)

with u” being the velocity, a* the acceleration, and mg the particle’s bare rest mass. These formal

EoMs can both be derived from the action

1

Sl (@), 2(r)] =~

/ d*a/ =gV, Vi — / dr [mo — qi(2)], (1.8.6)

as discussed in Sec. below. As it stands, the equation of motion is useless because the
solution % to the field equation diverges at the charge’s location.

Given a worldline z(7), the field equation can be solved with a Green’s function G(z,y).
If we define Gyet to be the solution to V2G(x,y) = —4né4(x,y) with retarded boundary conditions

(no incoming radiation from past null infinity), then the retarded solution to Eq. ((1.8.4]) for the
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scalar field is
tren(®) = ¢ / 07 Gres(a, 2). (18.7)

In a smooth spacetime, the retarded Green’s function can be written (locally) in the Hadamard form
Gret(xay) = U(;U,y) 6+(J) +V(:U7y) 0+(_U)a (188)

where U and V' are smooth functions, d4 (o) is a delta function for x to lie on the future light-cone
of y, and 04 (—0) is a step function which is one if z is inside the future light-cone of y and zero
otherwise@ The U term, on the light-cone, is known as the direct part, and gives rise to the
divergent (~ 1/r) part of the field. The V term, inside the light-cone, is known as the tail part,
which is only non-zero in curved spacetime, arising from field information not traveling just along
light-cones but being scattered inside the light-cones by curvature.

For a point particle with no external forces, in a vacuum background, the Quinn/DeWitt-Brehme/
MiSaTaQuWa results showed that a scalar/EM/gravitational self-force on the particle arises only
from the tail part of its self-field, with the direct part having no effect. Quinn’s result (for this
free, vacuum case) showed that, instead of the formal EoM with the divergent field

plugged in for ¢ (which gives nonsense), the scalar charge will obey the EON@
T—0%
[m — q(2)] a*(7) = q° (" + uHu") / dr’ Vf,l)Gret (z(T), 2(7")) , (1.8.10)
—00
which effectively cuts off the field’s direct part, leaving only the tail part, by bringing the derivative
inside the integral and stopping the integration just before 7/ = 7. To calculate this tail-resultant
self-force at any given instant, one must integrate over the entire past history of the charge’s
worldline.
A significant advance in the understanding and practical computation of the self-force was

provided by the work of Detweiler and Whiting (DW) [67], who showed that there exists a regularized
self-field ¢r(z) which when substituted into the formal scalar charge EoM ((1.8.5) (as though it

40Tn flat spacetime, U = 1, V = 0, and, in Cartesian coordinates, we have the usual retarded Green’s

function o 0
6 (2 —y° —|x—yl)
Ix -yl

Grer(a,y) = 34(0) = 6(a° — °)5(0) = , (18.9)

where o(z,y) = §(z — y)*(z — y), in flat spacetime. In general, the function o = o(x,y), Synge’s ‘world

function’, gives half the squared interval along the geodesic connecting x and y, discussed further in Sec.

“1The (1) in v indicates differentiation w.r.t. the first of the two arguments. The notation 7 — 0% for
the upper limit of integration denotes the limit as € — 0, from the positive side, of 7 — €.
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were an external field) gives a self-force identical to Quinn’s EoM [also working for non-free,
non-vacuum cases.

In flat spacetime, the DW regular field ¥g would be the same as the ‘radiative’ field ¥,,q =
(Vret — Yady)/2 where 1,4y is the advanced solution. As for the flat EM case from Eq. , the
divergent parts cancel in the combination ¥aq = (et — Yadv)/2, and this future/past antisymmetric
field is responsible for the entire self-force. The remainder of the physical field e, namely the
future/past symmetric part (ret + ¥ady)/2, containing the divergence, has no effect on the motion.
In curved spacetime, however, a part of (tyet + ©ady)/2 does affect the motion.

The proper definition of the DW regular field is ¥r = ¥ret — 15, Where g is the ‘singular’ field,
which DW defined and showed to have no effect on the motion. Without giving its precise definition,
we note for now only that g differs from (Yret + ©Yadv)/2 [due to tails], while sharing the property
of future/past symmetry. The regular field g can be split into (antisymmetric) radiative and

(symmetric) conservative parts,

¢R = ¢ret - Qbs = wrad + wcon& 77brad = %(wret - 7ﬁadv)a wcons = %(Qpret + ¢adv) - ¢S7

with vr.q associated with secular dissipation due to radiation, and .ons With conservative effects.

While the DW method allows a computation of the full self-force, regularizing the full self-field by
subtracting off the appropriate singular part@ this (comparatively difficult) regularization procedure
is not necessary to compute only the time-averaged radiative part of the self-force. That part can
be found by calculating the averaged fluxes of energy and angular momentum to infinity (and down
the BH horizon), which requires only knowledge of the unregularized retarded field, and using
those fluxes to compute the evolution of the particle’s orbital parameters. For the Kerr spacetime,
Mino [70], building on the work of Gal’tsov [71], showed that those averaged fluxes agree with the

averaged rates of change of the particle’s orbital parameters caused by the full self-force, and that

42The DW decomposition provides a powerful method for computing self-forces in BH spacetimes when
combined with methods to calculate (or approximate) the retarded and singular fields. The most popular
method is to use a mode sum, taking advantage of the separability of the wave equation for the retarded
field to reduce it to ODEs for radial mode functions, using spherical (or spheroidal) harmonics and a Fourier
transform w.r.t. the time coordinate, as discussed for the Schwarzschild case in Sec. below. The singular (or
direct) field can be computed from a local expansion. Important early mode sum regularization calculations
in the Schwarzschild spacetime were accomplished by Barack and Ori [68] (predating the DW decomposition)
and Detweiler, Messaritaki, and Whiting [69]. Since then, many works have advanced the method in numerous
ways, also extending it to the Kerr spacetime, as reviewed e.g. by Poisson et al. [25] and Barack [24]. These
reviews also discuss other useful schemes, such as the ‘effective source’ method and 141, 2+1, or 3+1
numerical evolution of the field equations.
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the radiative self-force can be constructed from the radiative field, needing no regularization. The
necessary fluxes have been computed numerically in Kerr, e.g., in the work of Drasco and Hughes
[72).

The radiative self-force is in a sense more important than the conservative self-force: radiative
effects accumulate from orbit to orbit and drive the inspiral, while conservative effects will generally
average out over one orbital period. A rigorous derivation of this fact is provided e.g. by the two
timescale analysis of Hinderer and Flanagan [23], which establishes a consistent formulation of an
adiabatic approximation and its ‘post-adiabatic’ corrections. Writing the gravitational self-force as

a sum of radiative and conservative pieces, at first and second order in the mass ratio,

m? )

S~ oom - o o
[ = M(fr(ald) + fc(01125) + M2 (frad +fc(0212s) +...

Hinderer and Flanagan showed that the GW phase ¥, the primary observable, takes the form

@:%(w<0>+%w<l>+...),

where the ‘adiabatic order’ piece ¥(?) depends only on the time-averaged part of ﬁgg, while the ‘first-
post-adiabatic order’ piece ¥() depends on ﬁ;(olgs, the oscillatory part of f_r';h), and the time-averaged
part of f:(;d) It is estimated that a knowledge of the averaged radiative self-force will be sufficient for
signal detection, but that parameter extraction will require knowledge of the next-to-leading-order
effects.

The adiabatic approximation makes use of the osculating geodesic method (see e.g. Ref. [73]),
described as follows. In Quinn’s EoM , the self-force on the particle at a given point is a
nonlocal functional of the entire past history of the worldline. To render this a local EoM, instead
of using the actual self-forced worldline to calculate the self-force, one can use the geodesic which is
tangent to the actual worldline at the point where one is calculating the self-force. This osculating
geodesic agrees with the actual worldline at zeroth order, making it valid to replace the latter with
the former in computing the adiabatic-order (radiative) self-force, and in computing the conservative
self-force contributions at first-post-adiabatic order. The resultant self-force contributions result in

a local EoM, in the sense that the force only depends on the particle’s instantaneous position and

velocity.
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Consider the conservative part of the self-force (with the radiative part ‘turned off’) sourced by
the osculating geodesic. Since the resultant EoM for the particle worldline is local and (in some
sense) conservative, one could be led to wonder whether or not that EoM can be encoded in either
an action principle or a Hamiltonian system for only the worldline degrees of freedom.

If this were true, it might present a new method for computing the conservative self-force, with
potentially improved efficiency obtained by moving the regularization procedure from the level of the
EoM to the level of the action or Hamiltonian. Also, the simple fact that there exists a Hamiltonian
for the conservative dynamics (which is a foundational assumption of the EOB formalism [22]) can
be used to elucidate certain physical consequences of the conservative self-force, such as the shifts in
perihelion precession and the innermost stable circular orbit, as in the work of Le Tiec [74].

Chapter [2]of this thesis summarizes our efforts to find an action or Hamiltonian for the conservative
self-force. We show that there does exist a Hamiltonian system encoding the conservative self-force
dynamics in the Schwarzschild spacetime. Extensions of this result to the Kerr spacetime are in

progress, as described below.
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CHAPTER 2

THE CONSERVATIVE SELF-FORCE,
ACTIONS, AND HAMILTONIANS

As motivated in the previous chapter, this chapter investigates the possibility of formulating an
action principle or Hamiltonian system for a particle worldline which encodes the conservative
self-force dynamics of a point particle orbiting a black hole.

We begin in Sec. by discussing the action principle for geodesic motion, the zeroth-order
motion in the self-force problem. We also introduce some helpful covariant techniques for working
with worldline actions, in particular, the use of the horizontal covariant derivative V acting on
functions on the tangent bundle of spacetime.

In Sec. we review the formal description of a scalar field ¢ coupled to a point scalar charge
in a curved background, a simplified model that we use throughout this chapter which encompasses
many important features of the gravitational self-force problem. Section [2.3]then reviews the solution
of the scalar wave equation in terms of Green’s functions, the local structure of Green’s functions in
curved spacetime, and the Detweiler-Whiting method for regularizing the self-field and self-force.

Section discusses how the nonlocal conservative self-force EoM can be encoded in a nonlocal
action principle, though this action seems (as yet) to be of little use for practical computations.
Section then considers the osculating geodesic method and the resultant local EoM. We ask
whether or not this local EoM can be encoded in some action principle or Hamiltonian system.
We present a naive conjecture for such an action, which results from a reduction of order (using
the osculating geodesic) of the nonlocal action in the same way that the local EoM is obtained by
reducing order in the nonlocal EoM. We present in Sec. simple examples (in flat spacetime with

a boundary, and in the linearized Schwarzschild solution) where the conjectured local action does in
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fact reproduce the correct osculating-geodesic conservative self-force.

We consider the case of the Schwarzschild spacetime in Sec. reviewing the explicit construction
of the full scalar self-force using mode sum regularization in the Detweiler-Whiting framework.
Based on the (preliminary) results of our own numerical implementation of the Schwarzschild scalar
self-force computation (for mildly eccentric orbits), we find that the conjectured local action of
Sec. does not yield the correct conservative self-force in Schwarzschild. Section also reviews
the proof, in the Schwarzschild case, that the time-averaged change in the geodesic ‘constants’ of
motion (the energy and angular momentum) caused by the conservative self-force is zero.

In Sec. we employ the formulation of Hamiltonian mechanics in terms of symplectic geometry
to address the question of whether or not there exists a Hamiltonian system encoding the local
conservative self-force. We conclude that such a system does exist for the case of the Schwarzschild
spacetime, while extending this result to the more astrophysically relevant Kerr spacetime will
require further investigation.

Section [2.9] discusses the properties of the ‘geodesic function’ which gives the solution to the
geodesic equation given initial data (a point and a velocity), and which is used (often implicitly)
in the osculating geodesic method. These properties are used to accomplish some interesting
simplifications in the EoM resulting from the conjectured action of Sec. 2.5l The properties of
the geodesic function are also used in the discussion of geodesic deviation in Sec. where we
consider how the dynamics of a worldline can be formulated in terms of a deviation vector field

along a fiducial geodesic.

2.1 Geodesic motion and covariant techniques

A timelike worldline z(\), with coordinates z#(\), with A\ an arbitrary parameter, will be a geodesic

if it extremizes its proper time 7, or equivalently the action for a test mass m,

Slz] = —m7[z] = —m/d)\\/—iz‘?: —m/d/\\/—gw(z)z”“,é”, (2.1.1)

where 2 = dz"/d) is the tangent vector, and g, (2) is the (fixed background) spacetime metric

evaluated along the worldline. This action is of the general type

Slz] = /d)\L(z,z"),
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with L a spacetime scalar, which we will encounter several times below (along with more general
actions). It will be worthwhile to consider now techniques for varying such actions that maintain
spacetime general covariance at each step of the manipulations.

The usual techniques proceed by using partial derivatives w.r.t. the coordinates z* while holding
fixed the components Z# of the tangent vector, and vice versa. The variation of the Lagrangian

L(z, %) under z — z + dz would be written as

oL OL -
= — = R
oL 8z#52 + 82#62 . (2.1.2)

The worldline variation dz#(\) can be considered, at linear order, as a vector at the point z(\). It is
then clear that 62" = (d/d)\)dz" is not a vector, i.e. it does not transform covariantly. It turns out
that (0/02*)L(z, £) [unlike (0/0z")f(2) = V. f(2)] is not a vector either. This can be remedied by

the rearrangement

oL . oL OL (. pn .
= [ = _rr wy 22 VK § 5P
oL <8z“ z F”“&ﬂ’) ozH + 9 (5z + 21,02 )
= VL oz* + oL Dyéz* (2.1.3)
B : gzn N ’ o

where Dy = D/d\ = ¥V, is the usual covariant parameter derivative, and @” is the less often
encountered ‘horizontal covariant derivative’ of functions on the tangent bundle of spacetime. The
operator @u compares the values of L at different points z while parallel propagating the vector z

between them[]

!Consider a function L(x,v) of a spacetime point x and a vector v at that point. If we wish to compare
the values of L at two neighboring points  and x + Ax in a covariant way, we cannot simply use the same v
component-wise at both points (as the partial derivative L/0x* does) because we have two distinct tangent
spaces at the two points. Instead, we can parallel transport v from x to x + Ax. To linear order, we can
consider the path z#(\) = z* + MAz* with 0 < A < 1, whose tangent is Az*. Parallel transporting v means

d
0=Dy" =Az"V, ot = av“ + ATy oP = v (x+ Az) = ot (z) — AxVT o = Wok.

To linear order, the parallel transport map ¥ is path-independent. We then define the operator ?u by

= OL oL
1 = — Agh ve
AzhV,L(z,v) = L(z + Az, Uv) — L(z,v) = Ax {896” N 809} .

With this holding for all Az, we see that ?ML equals the quantity in square brackets, which can be shown to
properly transform as a 1-form on spacetime. This construction easily generalizes from scalar functions to
arbitrary tensor-valued functions on the tangent bundle, which V,, acts on according to

- 0 0
V... _ V... v o... o V... E1o V...
VTV (2,0) = (ax#T AT T T ) — o Tfes T
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The variation of the action S[z] = [ dA L(z, ) can then be written covariantly as

~ oL ~ OL oL
0S = /d)\ |:VHL ozt + WD/\(SZM] = /dA |:<VML — D)\azﬂ) ozH + D)\ (w(sz“)] .

Noting that Dy coincides with d/d\ when acting on a scalar, we see that the final term is a boundary
term which vanishes when éz* is held fixed on the boundary. Requiring that 6S = 0 for all §z* then
implies the EoM

oL

the covariant version of the worldline’s Euler-Lagrange equation.

Now consider the geodesic action

Slz] = —m/dT, dr = dA\V —22 = d\\/ =g (2) 2127, (2.1.5)

Applying the variation (2.1.3) with L = v/—22, noting @ﬂg,,p(z) = 0, we have the result
z
oV =22 = ——2£_D, 62",
/—32

or in a tidier form (used frequently below), using the definition (2.1.5)) of dr,
ddr = —dru,D62", (2.1.6)

where D, = (1/v/—22)Dy and ut = #/v/—22 = dz*/dr is the normalized velocity vector. [Note:
We will usually work with an arbitrarily parametrized worldline z(\), while defining (and using)
quantities usually associated with the proper time parametrization (like dr, D, u*, a*, etc.) in

terms of z(A).] The variation of the geodesic action (2.1.5)) is then given by

08 = m/dT u D762 = m/dT[ — (Druy) 62" 4+ Dy (u,d2") |,

where the parentheses give the usual covariant derivative VT with v held fixed component-wise, and the last
term gives the v-transport correction. The horizontal derivative V is discussed e.g. by Dixon [75].

Note that the partial derivatives OL/Ov* w.r.t. the vector components, unmodified, transform properly as
a 1-form, and similarly with L — 7", . For intuition, if

L(z,v) = Lo(x) + L, (x) v" + L, (z) v'v” + ...
with all the Ls necessarily being covariant tensors, then

v v v oL v
VL=V, Lo+ (V,L,)v" + (VL) v"v +... Jor = L,+2L,0" +...
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which, dropping the boundary term,ﬂ leads to the geodesic equation

1 zH
0=a"=Dut= D , 2.1.7
IV 2 A(m) (21.7)

where a* is the acceleration vector.

Finally, consider the general reparametrization-invariant action

S[z] = /dTE(Z,u) = /dA\/—T'm (z, Z>, (2.1.8)

—32
where L£(z,u) is a spacetime scalar and is reparametrization-invariant by virtue of being a function

of ut = z#//—Zz2. The variation of such a function can be written as

~ oL ~ , 0L
0L(z,u) = 62"V, L+ (D)ﬁz“)@ = 02"V L+ (D762") Py L (2.1.9)
where
v v v 2 8“”
P; =0, +uyu” =/ —22 520 (2.1.10)
is the projection operator orthogonal to the velocity u. [Note Plut =0 because u? = —1.]

Such covariant and reparametrization-invariant techniques will significantly streamline later
calculations, avoiding the appearance of many terms with I'},, 9,9, V=22, ete. (as was done in
the above derivation of the geodesic equation). The basic results we will use repeatedly below, for
any covariant, reparametrization-invariant, tensor-valued function 7%;" (z,u) of a worldline point

z(A) and the velocity u at that point, are the variation

S 0
0T = 02"V T + (Drd2H) Pl ST (2.1.11)
and the related identity
= 0
D:T%: =ul'V, T + a“WT”F;; ; (2.1.12)

where we can drop the projection operator in the last term because P;a" = a” since u,at = 0.
Note that the derivative d/0u* w.r.t. the components of the normalized velocity vector is
generally not well-defined as a 4-dimensional derivative, because u* is really 3-dimensional, being

constrained by u? = —1. What is well-defined is the projection of d/du* orthogonal to u*, as

appears in Eqgs. (2.1.9) and (2.1.11]). The u-derivative will always be projected in this way.

*Note that [dr D, f(z,%) = [ dX\Dyf(z,%), and is thus is a true boundary term.
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2.2 A scalar field coupled to a point scalar charge

Now we consider a scalar field ¢ (z) on spacetime which is coupled to a point particle with a scalar
charge ¢ and bare rest mass mg moving on the worldline z()\) in a fixed background spacetime with

metric g, (x). The total action for this system isE|

2
S, z] = —gﬂ/d‘% —g VoV —/dT [mo — ¢*Y(2)], (2.2.1)

which is generally covariant and worldline-reparametrization-invariant [with dr defined by Eq. (2.1.5))].
The variation of S[v, z] under ¢ — ¥ + §9 is

2
5pS = —ZW/d4x\/—gvud)vu5w+q2/d75¢(z) (2.2.2)
1 1
q2/d4a;\/7—g { [Mv% + /d7-<54(a:,z)} S — EV“ (VHap &p)},

where V2 = V, V¥, and the final term is a boundary termﬁ This yields the EoM for the scalar field,

V) = —47T/d7' 6a(z, 2), (2.2.3)

which determines 1(z) once the worldline z(\) is specified.

The variation of S under z — z 4 dz is
0,8 = —/dT{ — u, D-62 o — ¢*Y(2)] — QQVHI/)(Z)(SZ‘LL} (2.2.4)
= /d’]’ [( — DT{[mo - qQ@b(z)]u#} + qQVAﬂb(z))(Sz“ + DT{[mo - qzw(z)]uﬂéz“}] ,
where the final term is a boundary term. This yields the EoM for the worldline,
D;(muy,) = q2V#w(z), m=mg— qzw(z), (2.2.5)

where we have defined the dynamical rest mass m. In the ¢ — 0 limit, this reduces to the geodesic
equation (2.1.7). We will ultimately be interested in the case where ¢? is small, so that the scalar

force yields small corrections to geodesic motion.

3Note that the normalization of our scalar field here differs from the usual conventions, e.g. of Poisson
[25] or Quinn [66] (whose conventions we used in Chapter 1), according to qi) = ysual, so that our ¢ is
independent of ¢ to leading order. This makes more obvious the order counting in a small g expansion.

*In Eq. (2.2.2), 64(z,y) is the covariant 4D Dirac delta function, defined by [, d*zv/=g f(z) da(x,y) = f(y)

if V contains y, and = 0 otherwise. We have also used the identity \/—¢g V,A* = 9,,(\/—g A*) for spacetime
covariant integration by parts.
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The component of Eq. (2.2.5)) perpendicular to the velocity [found by expanding out D, (mu,,)

and contracting with P} | yields the acceleration,
may = ¢* PV ,1(2), P! =6, + uu”. (2.2.6)

The component parallel to the velocity [found by contracting Eq. (2.2.5) with u#] yields the evolution

equation for the dynamical rest mass,
Dym = —q*u'V 1 (2), (2.2.7)

which is consistent with the definition (2.2.5)). The fact that the effective inertial mass of a scalar
charge is not conserved, discovered by Quinn [66], is associated with the emission of monopolar
scalar radiation (which does not occur in the electromagnetic and gravitational cases, where the
lowest-order radiation is dipolar and quadrupolar, respectively, and particles’ inertial masses are
conserved).

The worldline EoM is ill-defined as it stands because the solution to Eq. for the
scalar field v will diverge on the worldline. Detweiler and Whiting [67], building on the work of
Quinn [66], showed that the correct EoM to leading order in ¢ can be obtained by replacing the
full divergent (retarded) solution for ¢ with a regularized field ¥r, defined in terms of a Green’s

function decomposition.

2.3 Scalar Green’s functions in curved spacetime and the Detweiler-

Whiting decomposition

The wave equation (2.2.3)) for the scalar field, V?¢(z) = —4x [ dr 64(x, 2), can be solved by means

of a Green’s function. If we can find a function G(z,y) satisfying

V2G(xz,y) = —4nds(x,y), (2.3.1)
then a solution for v (x), given the worldline z()\), will be

Y[z](z) = /dT G(z,z). (2.3.2)

The wave equation ([2.3.1]) for the Green’s function does not specify a unique solution and must

be supplemented by boundary conditions. The retarded Green’s function Get(x,y), which gives the
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physical solution for the scalar field, is defined by being nonzero only when the field point x is in
the future of the source point y, so that the resultant field ¢t will contain no incoming radiation
from past null infinity. Similarly, the advanced Green’s function G4y (,y) is nonzero only when x
is in the past of y, giving no radiation to future null infinity. Both of these Green’s functions are
defined globally, for any two spacetime points = and y.

When z is in the normal convex neighborhood of y (when there is a unique geodesic connecting

x and y), the retarded and advanced Green’s functions can be written in the Hadamard form

Gret/adv(xv y) = U(.Z‘, y)(s:t(g) + V(QZ‘, y)e:t(_a)7 (233)

with the upper signs for Gyt and lower signs for G,qy, where U(z,y) and V(z,y) are smooth
functions, both symmetric in their argumentsﬁ The U term, contributing to Gret(z,v) [Gadv(,y)]
when z is on the future [past] lightcone of y, is known as the ‘direct’ part. The V term, contributing
when x is inside the future [past] lightcone of y, is known as the ‘tail’ term. These functions obey

the important reciprocity relation

Gret(2,Y) = Gagy (v, x). (2.3.4)

Detweiler and Whiting [67] showed that the part of the physical retarded self-field which does
not affect the charge’s motion can be constructed locally from a singular Green’s function Gs(z,y).
This function is defined by its solving the sourced wave equation , being symmetric in its
arguments, and vanishing when x and y are timelike-separated. It is only uniquely defined in the

normal convex neighborhood, where it is given by
1 1
Gs(z,y) = JU(x,y)é(0) — 5V (z,9)6(0), (2.3.5)

which has support on the future and past lightcones and at spacelike separations.

Removing Gg from Giet yields the Detweiler-Whiting regular Green’s function,

GR(Z’, y) = Gret(xa y) - GS(‘Ta y)’ (236)

5In Eq. , o(z,y) is Synge’s world function, giving half the squared interval along the geodesic
connecting x and y, which is —72/2 for timelike geodesics, zero for null geodesics, and s%/2 for spacelike
geodesics (s being proper distance). The distribution d(¢) [0— ()] is equal to the usual Dirac delta §(c) (a
delta function on the lightcone) when z is in the future [past] of y and zero otherwise. The step function 6 (—o)
[0—(—0)] is one when z is inside the future [past] lightcone of y and zero otherwise. The function U(x,y)
equals the square root of the van Vleck determinant. The tail function V(z,y) satisfies the homogeneous
wave equation, with certain boundary data given on the lightcone, as detailed in Poisson’s review [25].
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which is nonzero everywhere except when z is inside the past lightcone of y, and satisfies the
homogeneous wave equation. The regular field 1r constructed from Gg via Eq. (2.3.2)) is continuous
and differentiable on the worldline z(\). The full regularized self-force on the scalar charge is

determined by

Dy (muy) = ¢*V ¥R (2) (2.3.7)

which replaces the ill-defined EoM (2.2.5)) with the retarded field, and which is equivalent to Quinn’s
EoM (1.8.10)).

The regular Green’s function G can be split into its radiative (or dissipative) and conservative

parts, which are defined as its anti-symmetric and symmetric parts under argument interchange,

Grad(xa y) = % [GR(CL‘, y) - GR(Z/? ﬂl‘)] ) Geons = % [GR($7 y) + GR(ya l‘)] ) (238)

which, from Egs. (2.3.5] [2.3.6} [2.3.4]), are equivalent to

1 1
CTYrad = 5 [Gret - Gadv]7 Gcons = 5 [Gret + Gadv] - GSa (239)

where all the arguments are (z,y). Both of these satisfy the homogeneous wave equation and are
continuous and differentiable on the worldline. Our interest below will be in the conservative Green’s

function, which, from Egs. ([2.3.3] , is given in the normal convex neighborhood by
1
GCOHS(x7 y) = EV(«T, y) (2310)

with all delta and step functions cancelled, leaving only the smooth tail function V' with support
everywhere. While the form is only valid in the normal convex neighborhood because Gg
and V are only uniquely defined there, note that there is no problem in extending the definition of
Geons to arbitrarily distant timelike-separated points. When x is inside the future [past] lightcone

of y, Geons must agree with %Gret [%Gadv]a which is defined globally.
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2.4 The nonlocal action principle for the conservative self-force

From this section onward, we will consider only the conservative part of the dynamics of the point
particle, with the radiative part of the self-force ‘turned off’. We consider the following nonlocal

worldline EoM which uses the conservative part of the regular self-field ¢[z](z) = ¢ [ d7’ G(z,2),

Dy (muy,) = q2vuw[z](z), Y = Yeons,

= qz/dT' V,.G(z,7'), G = Geons, (2.4.1)

where z = z(\) = z# is the point on the worldline where we are calculating the self-force (the field
point), and 2’ = z(\) = 2" is the source point, on the same worldline, which is integrated over the
entire past and future history of the Worldlineﬁ The dynamical mass is given by m = mg — q¥[2](2),
and dr’ is defined in terms of z()\') just as with dr and z()) in Eq. (2.1.5).

This EoM can be derived from the nonlocal worldline action

Sulz] = —mg / dr + q; / dr / dr' G(z,7'), (2.4.2)

at which one can arrive via (hand-wavy) formal manipulations of the full action S[¢, z| (2.2.1)), by
‘integrating out’ the scalar ﬁeldm Such an action could only ever yield the conservative part of
the self-force; the symmetry in the double integral will pick out the symmetric part of the Green’s

function ]

6The Green’s function G(z,z’) is a bi-scalar, i.e. a function of two spacetime points z and 2’ which is a
spacetime scalar w.r.t. operations at both points. The derivatives of such a function are the simplest examples
of bi-tensors, which can have spacetime indices associated with one or both points. Indices at z are unprimed
and indices at 2’ are primed: V,G(z, 2’) is the derivative of G(z,7’) w.r.t. z and is a 1-form at z while being
a scalar w.r.t. operations at z’. Similarly, V,»G(z, 2’) is the derivative of G(z,2’) w.r.t. 2/, being a scalar at z
and a 1-form at 2’.

"Ignoring the fact that the physical field 1) diverges on the worldline, we have

2 2 2 2
L [awygowr =L [awoymguvts = -2 [ dey=ge [aroen =% [aree)

where the first equality integrates by parts, and the second uses the field equation ([2.2.3]) for ). When this is
substituted into the full action S[#, z] (2.2.1), and when v is replaced by its (regular) conservative part, we

arrive at Eq. (2.4.2)).

8 Alternate formulations of worldline action principles that can incorporate the radiative or dissipative
part of the self-force have been presented by Galley [76].
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To see that the action (2.4.2) yields the EoM (2.4.1)), we vary it using the techniques of Sec.

2
0SSy = 5{—m0/d7 + é/dT/dT’G(Z,Z’)}

2
= mo/dT u D7o2" + q2/d7/d7" {—uuDTcSz“ — uu/DTléz“’ + 021V, + 5Z“IVM/} G(z,7)
= mo/dTuMDT5z“ +q2/d7’/d7"[ —uy D7 62" + 5z“V,JG(z,z’)

= /dT { [mo - q2/dT'G(z,z')] u, D 62" + ¢ /dT' V,.G(z,7) (52“}

= / dr (—DT { [mo — ¢ / dr' G(z, z')] uu} + ¢ / ar' v,G(z, z’)> 5zt (2.4.3)

Requiring that this variation vanish for all §z implies the EoM . The third line uses the
symmetry of G(z,2’) and of the double integral to relabel z «» 2’ in the two ‘primed terms’ of the
second line, which then give contributions equal to the two unprimed terms. The fourth line simply
rearranges, and the fifth line integrates by parts, dropping the boundary term.

It is interesting that the conservative self-force EoM can be derived from this nonlocal
action principle, but we cannot yet see any direct use for it in practical computations. The standard
techniques for formulating a Hamiltonian system or for deriving conserved quantities from symmetries
(applying Noether’s theorem) apply only to local actions, of the form S = [ dr £(z,u), which the
action is not, and we have yet to find suitable generalizations of those procedures that would

be useful here. We turn then to consider an alternate local form of the conservative self-force EoM.

2.5 The osculating geodesic method: Existence of a local action?

When the scalar charge ¢ is small, the motion will deviate only slightly from geodesic motion.
Because the self-force scales as ¢°, the true self-forced worldline z will be related to a geodesic
Ty by 2z = 24 + O(¢?) [at least on time scales ~ O(q")]. For this reason, if we wish to work only to
O(q?), we can use the following ‘reduction of order’ technique: instead of using the actual worldline
z as the source for the self-field, we can use a geodesic x4, which is tangent to the worldline at a
certain point, as the source for calculating the self-field at that point.

We define the ‘geodesic function’ x4 (2, u, ) to give the point xg reached by traveling a proper

time 7 along the geodesic that issues from the point z with velocity u. We then consider the
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following alternative form of the conservative self-force EoM (2.4.1)):
D;(muy,) = q2/d7" V.G (z,24(2,u, ™)) + O(q"), (2.5.1)

where z, u, and m are all functions of 7, and z4(z, u, 7’) is the ‘osculating’ (‘kissing’) geodesic, which
continually changes with 7 to remain tangent to the self-forced worldline at z(7). This is a local
EoM, with the force at a given point z on the worldline depending only z and the velocity u at z
(though depending highly nonlocally on the background spacetime metric). Note that the local
EoM ({2.5.1)) is formally of the same order of accuracy [O(q?)] as the nonlocal EoM ({2.4.1)), even
though the former is obtained from the latter via a reduction of order.

We would like to determine if the local EoM , widely used in practical computations of
the self-force, can be derived from some local action principle (alternately, from some Hamiltonian
system).

An obvious guess for a local action principle would be to apply a similar reduction of order to
the nonlocal action that yields the nonlocal self-force. Replacing the actual worldline z with

the osculating geodesic x, as the source for the self-field, defining
g2 2,u) = /dT’G(fn,mg(z,u, 7'/)), (2.5.2)
the reduced-order version of the nonlocal action is
¢
= /dT [—mo + 2¢g(z;z,u)] . (2.5.3)

The variation of this conjectured local action, & la Sec. is

0 2 ~
05, = /dT { [(mo — ¢g) 5 P;L’ au}g} D oz + ééz“vuwg} , (2.5.4)

where ¢y = 1)¢(2; 2,u). If we work consistently to O(¢?), noting that a* = O(q?), this yields the

EoM
2 - -0
moa, = %PZ <VV - uprauV> Va(z; 2,u) + O(qh). (2.5.5)

We now ask, as the main questions of this investigation,
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(A) Is this conjectured EoM ([2.5.5)) equivalent to the correct local EoM (2.5.1)), which

when consistently order-reduced, can be written as

moa, = quﬁ {Vl(,"”)¢g(x; z,u)} + O(q4), (2.5.6)

rT=z
(B) And if the conjectured action (2.5.3) does not work, then does there exist any local
action principle from which the local EoM ([2.5.6) can be derived? Alternately, can the
EoM (2.5.6)) be encoded in a Hamiltonian system?

While we have the two expressions for the correct local EoM and the conjectured local
EoM , we have not been able to show analytically that they coincide (as discussed further
below). We thus resort to looking at special cases. We begin in the next section, by giving simple
but instructive examples (in flat spacetime with a boundary, and in the linearized Schwarzschild
spacetime) in which the conjectured action does in fact yield the correct EoM.

We have also carried out numerical calculations of the two EoMs for mildly eccentric orbits in
the Schwarzschild spacetime. The methods we adopted for calculating the self-field and self-force for
Schwarzschild geodesics are outlined in Sec. Our preliminary results indicate that the answer to
question (A) is no for Schwarzschild.

We have also attempted to address Question (A) via manipulations of Eq. valid in an
arbitrary spacetime, using general properties of the geodesic function. These efforts, outlined in
Sec. have yet to yield any answers (to corroborate the numerical calculations from Schwarzschild,
or perhaps to point to a modification of the conjectured action), though some interesting simpli-
fications have been found. The properties of geodesic function from Sec. prove useful in the
discussion of deviation vectors along fiducial geodesics in Sec.

Question (B) is addressed in Sec. using the geometric formulation of Hamiltonian mechanics.
We present a proof that there does exist a Hamiltonian system which encodes the (osculating-
geodesic) conservative self-force EoM , for the case of the Schwarzschild spacetime. Our
results do not yet yield a sufficiently explicit specification of the Hamiltonian system to be useful, nor
do they immediately generalize to the Kerr spacetime, but it is possible that further investigation

may remedy these drawbacks.
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2.6 Simple examples

We now present an explicit example, followed by a claim about another example, where the EoM
resulting from the conjectured action is indeed equivalent to the correct osculating-
geodesic EoM . The first example concerns a scalar charge moving in flat spacetime with an
infinite plane boundary on which we impose the boundary condition 1 = 0. The boundary reflects
the scalar field and gives rise to a tail contribution to the charge’s self-field, resulting in a nonzero
self-force.

We find this example sufficiently nontrivial for it to be intriguing that the conjecture works in this
case (mostly because we don’t understand why it does). It also provides a concrete demonstration
the questions discussed in the previous section.

First, consider the solution to the flat-space wave equation (with no boundary) sourced by a flat-
space geodesic. The retarded and advanced Green’s functions, solving V,V*G(z,y) = —4nd*(z —y),

are given by
(2% —y° F [x —y])
x -y

G’ret/adv (337 y) =

)

with the upper/lower sign for ret/adv. The flat-space geodesic function z4(z,u, 7) is given by

a:g = ! + Tut.

Thus, the solutions for the field sourced by this geodesic are

/dT,é(xO — 20— 7 F |x —z — 7'u|)
|x —z — 7'u] '

get/adV(x; Z,U) _ /dT/ Gret/adv (.T,.Tg(Z, u, 7—’)) —

In the rest frame of the geodesic (where v’ = 1, u = 0) this evaluates to 1/|x — z/|, for both the
retarded and advanced cases. The quantity |X — Z|rest frame Can be written covariantly as the length

of the projection of (x — z)* orthogonal to u*:

|X - Z|restframe = \/P;w(x - Z)M(CC - Z)V = \/(x - 2)2 + [U : (ZE - Z)]Z

We thus have
1

Ve =22 +[u-(z -2
The radiative and conservative fields, 1™ = %(wret — V) and 1poons = %(wret 4 924V) — S, both

(5" = g = v) (w5 2,u) = (2.6.1)

vanish. There is no self-force on a scalar charge in (otherwise empty) flat spacetime because there

are no tail terms in its self-field.
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We can introduce a tail term, giving rise to a nonzero self-force, by imposing the scalar field
boundary condition 1) = 0 on the plane ! = 0, with the scalar charge moving in the region z!' > 0.
The method of images tells us that the solution for the field in this case is the solution given above

plus the field of a negative mirror image charge moving on the geodesic
0 0
xg(zm7um77-)7 Zrl;l = (Z 7_217227Z3)7 u/rlh = (’U, ,—U17U27’U,3),

where m is for mirror, and we have inconsequentially lowered spatial indices. By the same arguments

as above, this adds to the direct field 1) (which is now = z/)g only) the tail contribution

- - 2.6.2
V(@ = 2m)2 + [um - (7 — 2m)]? R (2.6.2)

which is regular at the charge’s location x = z. The radiative field still vanishes.

cons
g

(75 2,u) =

This gives rise to a conservative self-force on the charge at z with velocity u, given by the

osculating-geodesic EoM (2.5.6)),

moay, = qQPZL’ [V,(f) (s 2, u) + O(qh). (2.6.3)

& r=z

From the derivative of the field (2.6.2)) w.r.t. x,

T ons 1
Vg (2 u) = 2 (@ = 2+t - (2~ 2]}
2z /
|:VELI) gOHS(l,; Z, u):| 3 = Rié((sll" — '[,Llumu), RO - Rx:z - 221 ]' + u%?
r=z 0

using the identities ub, = u# — 2u15f and Plf Uy = —2u1Pﬁ, the EoM 1) gives the self-force as

1+ 2u? 1

2
moa, — e ———— .
0 =LA+ R

(2.6.4)

Now we can compare this to the EoM ([2.5.5)) resulting from the conjectured action (2.5.3)),

2

moa, = %Pﬁ <@V WAV

0
o ) U ) + (), (265)

with g (2; 2,u) = —1/Ro. Noting that V,. = 8/dz* in flat space, the derivatives are

1 1 251
@ wcons _ 5H 8 cons __ uléu ul/@ a cons __ ul(sll
Iz v =

& 222(1 )2’ Ou, & 22 (14 ud)3/2 Oou,, & 222(1 +u})3/?’

where 1g®"* = g (2; z, u). Plugging these into the conjectured EoM (2.6.5), we get

0 cons __ 2 1+2U% 1
ou? g 42%(14_”%)3/2 o
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which does indeed match the correct self-force .

Thus, the conjecture that the osculating-geodesic action encodes the conservative self-force
EoM is correct for this simple case of flat spacetime with a boundary. We have also found
other similar examples where this is true.

As an example (somewhat) more closely related to the EMRI problem, take as a background
spacetime the linearized Schwarzschild solution (first-post-Minkowskian GR with a static point
mass source). A scalar field living on this background will scatter off the point mass, giving rise to
a tail term in a point charge’s self field. Working consistently to first-post-Minkowskian order, the
charge must move on a flat-space geodesic at zeroth order in ¢? (so that we don’t get bound orbits
at zeroth order in ¢2, as in the real EMRI problem). One can analytically solve for the self-field
and self-force in this situation, and one again finds that the conjectured action principle gives the
correct osculating-geodesic conservative self-force.

We have also tested the conjectured action numerically for the case of a point scalar charge on a
bound orbit in the Schwarzschild spacetime. The general methods we used are described in the
following section. Our results (if they are to be trusted) indicate that the conjecture is not true in
that case.

We find the former examples interesting mostly because we don’t understand why the conjectured
action works in those cases (apart from carrying out the explicit calculations). It’s possible that
understanding this could lend insight into why it does not work in Schwarzschild, or how it might
be modified to work there.

In Secs. and below, we explore manipulations of the conjectured EoM using properties
of the geodesic function valid in an arbitrary spacetime, finding some useful simplifications but no
real answers. We have found that such manipulations are equally unfruitful when one specializes
to flat-space geodesics, as in the two examples mentioned here. It seems that one would also need
to use some properties of the Green’s function to show (using manipulations along the lines of

Sec. [2.9.11) that the conjecture works in those cases.
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2.7 The scalar self-force in the Schwarzschild spacetime

This section reviews the explicit computation of the scalar self-force for eccentric orbits in the
Schwarzschild spacetime, using a mode-sum solution to the scalar wave equation and mode-sum
regularization, as in the seminal work of Barack and Ori [68] and later (using the Detweiler-Whiting
decomposition) Detweiler, Messaritaki, and Whiting [69]. The methods we present here are assembled
from Ref. [69], from the work of Barack, Ori, and Sago [77] on ‘extended homogeneous solutions’,
and from the work of Drasco, Flanagan, and Hughes [78] on the scalar self-force in Kerr. We have
used the methods outlined in this section to perform a numerical test of the conjectured action of
Sec. and found that it does not yield the correct self-force in Schwarzschild.

We begin in Sec. by reviewing some properties of geodesic motion in Schwarzschild.
Section [2.7.I1) presents the mode-sum solution to the wave equation, and Sec. 2.7.IT] describes
the regularization procedure using mode-sum regularization parameters (which have been provided
to very high orders by Heffernan, Ottewill, and Wardell [79]). Section discusses the properties
of the self-force under a certain ‘reflection’ of a geodesic orbit, which are used in Sec. 2.7.V] to prove
that the conservative part of the self-force causes no average change in the geodesic ‘constants’ of
motion (the energy and angular momentum). This proof is the Schwarzschild analog of important
results in Kerr derived by Gal'tsov [71] and extended by Mino [70] (also discussed by Ref. [78]), and
is an important ingredient in our proof in Sec. that the conservative self-force dynamics in
Schwarzschild can be encoded in a Hamiltonian system. Finally, Sec. summarizes the results
of our numerical calculations which indicate that the conjectured local action of Sec. [2.5] fails to

yield the correct local self-force in Schwarzschild.

I Geodesic motion in Schwarzschild and symmetry properties

The Schwarzschild geometry, in units where the black hole mass is M = 1, is given in Schwarzschild

coordinates z* = (t,r,0,¢) by the metric

1 2
ds* = —wdt® + —dr? + r?(d6? + sin0 d¢?), w=1-"=. (2.7.1)
w r

Thanks to the spherical symmetry, the motion of an orbiting particle (even one experiencing a

self-force) will be confined to a fixed plane, which we can take to be the equatorial plane § = 5. A
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particle worldline z(7) can be described by the coordinates z#(1) = (t(7),r(7), 5, (7)), with the

velocity u# = #* = (uf,u”,0,u®) = (,7,0, (;5) where dots are derivatives w.r.t. the proper time 7.
The coordinate basis vectors 0; and 9, are Killing vectors of this spacetime corresponding to

time translation and axial rotation symmetries. Their contractions with the velocity yield the energy

E and angular momentum L (both per unit mass) which are conserved for geodesic motion:

E=—u-0, = wi, L=u-0s=rp (2.7.2)
From the velocity normalization u? = —1, we have the third conserved quantity
. 2 . E2 ) L2
—1=—wt2+i+r2¢2=——+r—+—2,
w woow T

which can be rewritten in terms of an effective potential V, for the radial motion as
LQ
i+ V, = E?, Vi(r, L) = w (1+2>. (2.7.3)
r

Equations and completely describe geodesic motion in Schwarzschild.

We will be primary interested in stable bound (eccentric) orbits. For these, the radial motion is
oscillatory between a maximum radius r4 and minimum radius r_ [functions of (E, L)|, which are
roots of V;.(r, L) = E%. A resultant precessing elliptical orbit is shown in Figure

Instead of using (¢,r,¢) as functions of 7, it is useful to work with a parametrization of the
bound geodesics due to Darwin [80]. With the semi-latus rectum p and eccentricity e defined in

terms of £ and L by

—9)2 _ 42 2
ri(E,L) = L e gz, P (2.7.4)
1Fe p(p—3—¢€?) p—3—e€?
we make a change of variables from the radius r to the ‘radial phase’ x via
p
=—. 2.7.5
" 1+ ecosy ( )

As x increases from 0 to 7, and then to 27, r increases from r_ to r4, and then decreases back to

-]

9Note that while x uniquely determines r, given e and p, the converse is not true, since y and 27 — x give
the same r. However, r and the sign of «" do uniquely determine x; positive u” corresponds to 0 < y < m. A
bound geodesic and a point on it are uniquely determined (up to ¢- and ¢-translations) by e, p, and x, or
equivalently by 7, u* and u".
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Figure 3: A precessing elliptical orbit in Schwarzschild, with one radial period in bold, and with
lines from the center marking the stated angles ¢(x). The minimum radius r_ occurs
at ¢(0) = 0 and ¢(27) = @, the beginning and end of the period, and the maximum
radius 4 occurs at ¢(m) = ®/2, halfway through. A generic point ¢(x) is shown along
with its reflection ¢(2m — x) = ® — ¢(x) about the ®/2 line. This orbit has p = 19.8,
e = 0.6, r— = 12.3, ry = 49.4, and has been specially chosen to make ® = 127/5,
so that the orbit closes after five radial periods (a very non-generic feature, having
nothing to do with the reflection property, just for fun). The disk in the center shows
the Schwarzschild radius r = 2.
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It is convenient to use x as the parameter for geodesic motion, writing z*(x) = (t(x),7(x), 5, ®(x))-

With r(x) given by Eq. (2.7.5)), t(x) and ¢(x) are determined by integrating

ﬁ _ p2 (p—2)2—4€2 @ o b
dy (p—2—2ecosx)(l+ecosx)?\ p—6—2ecosx’ dx \p—6—2ecosy’

which follow from Egs. (2.7.2H2.7.5). We will use the boundary conditions t = ¢ =0 at x = 0.
The radius function r(y) in Eq. (2.7.5) has the periodicity and reflection properties

r(x +27) =r(x), r(2T — x) = r(x)- (2.7.6)

The transformation xy — 27w — x corresponds to reflecting the orbit about the radial line though
the point of maximum radius (r = r4, x = 7), as shown in Figure [3| While #(x) and ¢(x) are not
periodic, their first derivatives are, which means that they are each a periodic function plus a linear

function:

X

t0) = 100 + T 600 = () + o=, (2.7.7)

where T and ® are the time elapsed and angle swept during one period of the radial motion, and

the functions #(y) and ¢(x) are periodic:

27 d 27 d 5 5
T = /0 g 0= /0 dxdz, i +2m) =i, dx+2m) =d(x). (275)

From these and the fact that t(x) and ¢(x) are odd in x (because their derivatives are even), one

can derive the reflection properties

t2r —x) =T —t(x), p(2m —x) = ® — $(x). (2.7.9)

The velocity components u* = dz*/dr, as functions of y, are all periodic and have the reflection
properties

X =27 — X = u = —u’, ut — ul, u® — u®. (2.7.10)

II Mode sum solutions to the wave equation
We wish to solve the scalar field wave equation (2.2.3)),

Vi) = —47T/d7' Sa(z, 2(7)), (2.7.11)
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in the Schwarzschild spacetime, where the source particle’s worldline z(7) is the bound geodesic
described in the previous section.

The retarded solution can be written as a sum of modes, indexed by the usual ¢ and m of the
spherical harmonics Yy, (0, ¢) and by an integer k = —oo0, ..., 00 from a discrete Fourier transform

w.r.t. time:

ZH H , t ,
wret( ) wret tr 9 (z) Ze ’kamt}/e ¢) kémukém<r) r r( ) (2712)

wm ZitmWRem (1), 7> 71(L).
The frequencies are given by wg,, = k(27/T) + m(®/T'), with T and ® from Eq. (2.7.8]). The radial

mode functions ull, (r) (H for horizon) and u$s, (r) are the solutions to the ODE

r— W2 2
20y b N s

which give respectively ingoing waves near the horizon and outgoing waves at infinity:

q efiwkmr* LWk T

Upp (1) &> —— as r — 2, Upgm (1) —
r r

e

as r — 00, (2.7.14)

where 7, = r 4+ 2log(r/2 — 1) is the tortoise coordinate (¢ & r, = constant for radial null geodesics).

The amplitudes Z,IC{ZQOO are given by an integral over one period of the source particle’s motion:

AnYyn(Z,0) 27 dt ul/
H/oco . tm\ 9, . Uppm,
Zpp = —r /0 dx —dx (x) cos [wkmt(x) m¢(X)] W (r(x)) (2.7.15)

where ¢(x), 7(x), and ¢(x) describe the geodesic of the last section and W = r2(uflu™ — u>ull).
The advanced solution is found simply by complex conjugating the radial mode functions ugg/rzo
[changing Eqs. (2.7.14)) to outgoing waves at the horizon and ingoing waves at infinity|, giving

G (z) = 3 ety 6, ¢)[ Zo oo ()] (2.7.16)
ktm

On a given t = constant slice, the mode functions are finite but have a kink (are continuous but
not differentiable) across r = r(t), the source particle’s radius at that t-slice, where Zi, ull, (r)

switches to Z9% u2S (r). The mode sum (1" or ¥24") diverges along the source worldline.

IIT Mode sum regularization

The retarded field 1** can be regularized along the worldline by subtracting off the singular field 5,

yielding the regular field ¢ = 1™t — ¢S, Both *™* and ¥° are divergent, but their mode functions
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are all finite, so that the regularization can be done mode by mode (most conveniently w.r.t. £). For
the field and its gradient, we can write
W= (W0 - F), v =D (W5 — v, (2.7.17)
12 4
All these f-modes are functions only of (p, e, x) [or (E, L, x)] when evaluated on the worldline. The

retarded modes are found from the solution (2.7.12) for 1***(x) evaluated at the worldline point

x = 2(x):

= B (Y ) e = B VeV ]

(2.7.18)
The H and oo [r < r(t) and r > r(t)] versions agree for ¢;* but disagree for ¢Ei§, but this
discontinuity in the gradient is reproduced by the singular field. The ¢-modes of ¥° can be found

from a local expansion, as in the foundational work of Detweiler, Messaritaki, and Whiting [69] and

Barack and Ori [6], yieldingiﬂ

D F
v o= B+(2@-1)(2e+3)+(2@-3)(2@-1)(2£+3)(ze+5)+"' (2.7.19)

D, Ly
FRH DA Bt o s T e — i @15 |

S
w&u

where the + sign gives the gradient discontinuity. These expansions have been carried to very high
orders (to one higher order than shown here) by Heffernan, Ottewill, and Wardell [79], who give the
coefficients B, A, etc. as explicit functions of E, L, r and u" = dr/dr.

The only information contained in u" not already given by (E, L,r) is its sign, and it is found
that wzt and ¢l§, » are simply proportional to sign(u"), while 1/1? and wzr are independent of it. Using

the properties (2.7.62.7.10) of () and u" (), this gives the reflection properties under y — 2w — x
AR M SR P T P (2.7.20)

for the f-modes of singular field and its gradient evaluated at the worldline point z(x). The next

section derives similar reflection properties relating the f-modes of the retarded and advanced fields.

10The B, A,, and B, terms are clearly responsible for the divergence of the f~sums. The D and D, terms
actually give zero under ZZO, and similarly for all the higher order terms. But including them mode by
mode dramatically increases the rate of convergence of the ¢-sum, as discussed e.g. by Ref. [69].
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IV  Reflection properties of the retarded and advanced fields

The ¢-modes of ™" and ¢*4V, at the worldline point z* = zH(x), are given b

VOO0 =) Zitm ke (r(x)) Y, e om0 HmOR) (2.7.21)

V) = Y Zigm Wi (1(X)) Yy €~ 0kt 00 Himo00),

and similarly for the field gradients, as in Eqs. (2.7.16}f2.7.18|), with k = —o0,...,00, m = —¢,... ¥,

and an = Yy (5,0). We now will consider the properties of the mode function factors under the
reflection x — 27 — x and under the related interchange (k, m) < (—k, —m).

From the properties (2.7.612.7.9)) of z#(x) under x — 27— x, namely, r — r,t - T —t, ¢ — ®— ¢,
we see that tthe argument of the exponentials in Eq. (2.7.21)) undergoes

. . . 2T
— iWemt +imeo — —1i k‘? +mT

(I)> (T —t) +im(P — ¢) = iwgmt — imeo — 27ik, (2.7.22)

which is a sign change mod 2mi, giving e~ “Wkmt+ime _y giwrmt=ime which is equivalent to complex
conjugation or to the interchange (k,m) <> (—k, —m), since w(_g)(—m) = —Wkm- While ugen (r(x))
is unchanged by the reflection xy — x — 27 [as, of course, are Zyg,, and Yg?n], we have the (k,m) <>

(—k, —m) properties

Vi = (D"Y0  Ukem) = Yhems Z—kyp(=m) = (1) Do, (2.7.23)

where the second follows from Egs. (2.7.14) and (2.7.13) and the last follows from the first two and
Eq. @.7.15).

Now we can show that, under y — 27 — ¥,

Pt = Z Ziom Whtm (1) YL, e Wrmi+ime (2.7.24)
- Z Zietm uem (r) Yy, €5t =1m0
_ Z Z U( e )( )}/Z(E—m) efiwkmtJrim(ﬁ

—iWkmt+ime __ jadv
—ZZkemukem r) Yy, e hm =1,

"'We have dropped the superscripts H /oo with the understanding that }°;, w?f})’, and 1/1?, ., have different
values approached from r < r(t) and r > r(t), while ¢}t v, and i do not. We have also used Yy, (0, ¢) =

Yim (6,0)ei™m?.
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where the first and fourth lines use Eqs. (2.7.21]), the second uses Eq. (2.7.22)), the third interchanges
(k,m) <> (—k,—m) leaving the km-sum unchanged, and the fourth uses Eqs. (2.7.23). Precisely

analogous manipulations yield wret wad" For the t-derivatives, we have, under y — 27 — ¥,

wret = —1Wkm) Zitm Wkem (T YD e iWkmttime 2.7.25
Im
km
- Z (—iwkm) Ziem wrem (r) Yo, €kmt=me
_ Z Zwkm Kye(—m) U( Ry~ )( )va(z—m) e—iwkmt+im¢

_ . 0 _—twimt+im adv
—Z (1Wkm) Zioem Woem () Yom €~ ¢ = —ype.

km
Similarly, with ¢m in place of —iwg,,, one finds wz ¢adv We have thus shown that
wret(Z,ﬂ _ X) — ¢adv< ), wret(2ﬂ_ o ) — _wadV( )’ (2.7.26)
v (2r —x) = i (), Vip(2m—x) = —vig (0-

These are clearly also true with ret <> adv.

V  The conservative self-force averages to zero

The full scalar self-force on the particle, to linear order in ¢2, is given by the EoM ma,, = quﬁ w}f‘,,

with the regular field given by Eq. (2.7.17)). Similarly, the conservative part is given by the EoM

vV ,/,cons cons wret wadv
ma, = q2Pu RV PO = Z ( 5 — 7). (2.7.27)

L

From the latter and the reflection properties (2.7.26) of ¥ and ¥*d" and those (2.7.20)) of ¢S, we

have

Peom(2m = x) = P(X), PPEEr—x) = U0, (2728)
Yem(2m —x) = PN, T =) = —P(),

where we have summed over ¢. (The corresponding properties for the radiative field a4 would
have all the right-hand sides negated relative to these.)

The rate of change (w.r.t. proper time) of the energy E (12.7.2]) caused by the conservative
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self-force is given by

Econs — DT[(at)'uuu] — (at)uau + uuuyvlf(at)ﬂ (2729)
1

1
= = e = b (w0 )]
where the last term of the first line vanishes by the Killing equation V{#(8,)") = 0. Considering the
reflection properties (2.7.28) of ¢ and those (2.7.10) of u* (recalling that r and thus the metric

are reflection-invariant), we find that under x — 27 —
(1 + utut)¢§ons + uy (u(bwi;ms + urwzf)ns) N (1 + utut)(_q/)’CtOHS) + uy (u(b(_w%mS) + (_ur)d}’crons) ’

which is a total sign flip. Along with precisely analogous manipulations for the angular momentum

L, this yields the properties
Econs(2ﬂ_ - X) _ —ECOHS(X), Lcons(27T _ X) — —LCOHS(X).

These then imply that the average of E or L over one period of the motion is zero:

<ECOHS> _ /O ” dx %" (y) = 0, (2.7.30)

T on

and similarly for L. Note that this also holds when the derivative £ = dFE /dr is replaced with one
w.r.t. t or x, or (independently) when the averaging measure dy is replaced with dt or dr; this is
because the cancellation occurs between the two reflected halves of the orbital period, and the ratios
dt : dt : dx are all reflection-invariant. For the same reasons, the average will also be zero if
FE is replaced by the parameter-derivative of any function of only E and L.

To summarize, at linear order (using the osculating geodesic approximation), the conservative
self-force in Schwarzschild causes no average change in the orbital constants of motion. This fact,
which underlies the usefulness of the adiabatic approximation, is the Schwarzschild analog of results
in Kerr derived by Galtsov [71] and Mino [70]. This fact is also a crucial ingredient in our proof

that there exists a Hamiltonian system encoding the conservative self-force dynamics, in Sec. 28111
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VI Numerical test of the conjectured action

Using the mode-sum methods outlined in Secs. 2.7.11| and 2.7.1T1) we have numerically calculated the

self-field and self-force for mildly eccentric orbits in Schwarzschild, each split into their conservative
and radiative parts. Our calculations of the self-force have been compared with results from
Warburton et al. [8I], with additional data graciously provided by Niels Warburton, yielding
excellent agreement. We have used our results to test the conjectured action for the
conservative self-force in Schwarzschild.

The correct conservative self-force components F;/*"* are constructed from the field-point deriva-
tives ¢%™ according to

cons __ 2 pr jcons
Fu —un oo

These can then be compared with the conjectured self-force components F 10" resulting from the

conjectured EoM ([2.5.5]),
~ ~ - 0
Foms = q2pg <vy — uﬂvpauy> oS, (2.7.31)

The conservative self-field ¢°°™, evaluated on the worldline, is calculated numerically as a function
of the orbital parameters (e, p, x) = P®. The derivatives appearing in Eq. are then evaluated
as follows. The first and second partial derivatives 91" /9P® and 9%1°°™ /9 P*OP? are calculated
numerically from "¢ evaluated on a 5 x 5 x 5 grid in P%-space, using second-order finite difference
techniques. These are then converted into partial derivatives w.r.t. the coordinate and velocity
components Y4 = (r,u?,u") using the transformation P* <+ Y4 resulting from the formulae of
Sec. Finally, the partial derivatives w.r.t. Y4 are converted into the horizontal covariant

derivatives appearing in Eq. (2.7.31]) using the definitions of Sec. with the result

Fcons _ qQPV 9 —uP 82 + upuar)\ 82 77bcons
K A\ 0zv OzPOuY P QurOuv ’

where the only nonzero contributions come from z# — r and u* — u,u", F;U are the Schwarzschild
connection coefficients, and the projection tensor and velocity components are found from the
formulae of Sec. 7.1l

Our results for the case of a geodesic orbit with e = 0.02 and p = 10 are shown in Figures

We find that the correct self-force F, and the conjectured self-force Fu do not coincide.
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Figure 4: The coordinates r, t and ¢ [along with the oscillatory parts ¢ and ¢ of Egs. ], all
as functions of the orbital phase y, for a Schwarzschild orbit with eccentricity e = 0.02
and semi-latus rectrum p = 10, the orbit used to calculate the conservative self-fields of
Figure [5] and the correct and conjectured conservative self-forces of Figure [6 Recall
that we are using units where G = ¢ = M = 1, where M is the mass of the black hole.
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Figure 5: The conservative self-field 1)°°® as a function of the radial phase ¥, for various values
of e and p ([some of] those used to calculate the self-forces of Figure [6). In this figure
and the next, we have set the scalar charge ¢ equal to one. Note that all these field
values are negative, so that the fields of greater magnitude are towards the bottom of
the figure, which can be seen to coincide with the particle being closer to the black hole.
The green curves in the two panels are the same curve, corresponding to the orbits of

Figures [ and [6|
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Figure 6: The correct conservative self-force components F<°", Ffo" and Fgo™ and the conjec-

tured conservative self-force components FTCO“S, l*:'tcons, and F Pt all as functions of the
orbital phase , for the Schwarzschild orbit with e = 0.02 and p = 10 of Figures 4] and
We see that the two sets of components do not coincide, meaning that the conjectured
action of Sec. does not yield the correct self-force in Schwarzschild. Though the
conjectured components have roughly the right shapes (up to some minus signs), this is
actually required by the reflection properties discussed above and does not suggest any
correlation with the correct components. The 7-, t-, and ¢-components differ by (not

.. -
. .
L T L

actually constant) factors of roughly 25, —4, and —1.5, respectively.
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2.8 Hamiltonian systems and perturbations

This section uses the geometric formulation of Hamiltonian mechanics to address whether or not the
(osculating-geodesic) conservative self-force EoM can be realized as a Hamiltonian system.
Section gives a brief review the description of a (reparametrization-invariant) Hamiltonian
system in terms of the (pre)symplectic geometry of phase space (see e.g. Arnold’s text [82]), and its
application to geodesic motion. Section then considers when a given perturbed Hamiltonian
system is itself a Hamiltonian system. Finally, Section considers the case of the conservative

self-force in the Schwarzschild and Kerr spacetimes.

I (Pre)Symplectic geometry in phase space and geodesic motion

We consider a 2n-dimensional phase space manifold P, with coordinates Y4 (A=1...2n). The
symplectic geometry of P is determined by a non-degenerate 2-form 24p, the symplectic form,
which is closed, Q4p,c) = 0, where commas denote partial derivatives w.r.t. ¥ (or any connection
on P). In canonical coordinates Y4 = (¢®, ps) (o = 1...7n), the symplectic form can be written as
Q = dg* Adp,. We define its inverse Q48 by Q48O pc = (5@. Given a function on P, a Hamiltonian

H(Y), the integral curves Y4()) of the vector field Q4P H g define the Hamiltonian flow:

vA=048H p. (2.8.1)
In canonical coordinates, this reads
OH oOH
o S 2.8.2
=g b =~ 5oa (2.8.2)

which we recognize as Hamilton’s equations. Given a Lagrangian system, with an action S =
J dX\L(q,q), one can (Legendre) transform to a Hamiltonian system in canonical coordinates by

defining the canonical momenta and Hamiltonian by

oL o

Pa = RYR H=p,q* - L, (2.8.3)
assuming that the first of these can be solved for ¢(q, p).

Now consider applying this to the reparametrization-invariant geodesic action for a worldline

2*(X), defining the momenta p,,:

oL m2

_ A 29 _ _ "

S /d)\L(z,Z) = m/d)\\/ 3 = Py = o = U
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The latter cannot be solved for 2(z,p), due to its reparametrization invariance. Instead, it implies

the constraint p?> = —m? on phase space, which we’ll write for later convenience as
2 2
p°+m
K(z,p)=——— =0.
(z,p) -

We thus cannot realize reparametrization-invariant geodesic motion as a standard Hamiltonian
system in the symplectic geometry of the full (8D) phase space P. However, this dynamical system
can be described by the ‘presymplectic’ geometry on the (7D) constraint surface Px defined by
K = 0. As detailed belowB the correct orbits Y(\) [i.e. 2#()), p,(A)] within the constraint surface
Pk are defined by the EoM

VA =n04PK p, (2.8.6)

where 7(Y) is an arbitrary (nonzero) function on P. This EoM is practically identical to the
Hamiltonian EoM ({2.8.1)), with the constraint function K playing the role of the Hamiltonian, apart
from the arbitrary function 7, whose choice corresponds to reparametrization freedom. In terms of

z# and p,,, using a spacetime-covariant rearrangement, Eq. (2.8.6|) reads

2# = 77%7 D)\p,u, == _nﬁu‘[{; (287)
I

12In the full phase space P, with coordinates Y4 = (z#,p,,), a constraint K(Y) = 0 defines a submanifold
Pk, say, with coordinates y*. Given the embedding Y (y) : Px — P, and the usual symplectic form
Q =dz* Adp, on P, we define the presymplectic form w on Pk to be the pullback of :

Y4 gy B

Qup. (2.8.4)

wab:Ty“Tyb A

The dynamical system can then be defined by the integral curves y®(A) of the null vector field of w:
wapy? = 0. (2.8.5)

This defines §* only up to multiplication by an arbitrary (nonzero) function on Pk, which corresponds
precisely to reparametrization freedom.

This can also be rewritten in terms of the full phase space coordinates. The vector §® can be pushed
forward to Y4 = (9Y 4 /0y®)y, and then, using Eq. , the presymplectic EoM can be written as

oy 4

QupYE =0.
Dy AB

This says that the projection (pullback) of the 1—form QABYB into Pk is zero, which means that QABYB
must be proportional to the normal to Pg, i.e. QY P = nK 4, or

Y4 =nQ4PK g,

which is Eq. (2.8.6). Note that evolution under this EoM preserves the value of K. See, e.g., Rovelli [83] for
a discussion of presymplectic mechanics.
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for general K, or with K = (p? +m?)/2m for geodesic motion,

R _
= Dyp, = 0. (2.8.8)

The first of these, along with the constraint, tells us that n = v/—22, and then together these imply
the geodesic equation Dy (#/v/—2%) = 0.

IT Conservative self-force perturbations to geodesic motion

Given a zeroth-order reparametrization-invariant Hamiltonian system, with the symplectic form
Q. the constraint Ky = 0, and the EoM Y4 = nQ()“B Ky B, a general (reparameterization-invariant)

linear perturbation to the system can be written as
YA = (P Ko+ eV?) + 0(e?) (2.8.9)

where € is a small parameter and V4 is an arbitrary vector field on phase space. We would like to

know when such a system, with a given V4, is itself Hamiltonian, i.e. when it is equivalent to
VA =nQAPK g, K = Ko+ €K, Q48 = QPP + e(Lx0)AP, (2.8.10)

where K is a perturbation to the constraint, and the perturbation to the (inverse) symplectic form
is written as the Lie derivative (£xQo)?? of the zeroth-order form w.r.t. a ‘gauge’ vector field

X AE This means that the vector field V4 must be given by
VA= Q'K g+ (LxQ0)*P K . (2.8.11)

The perturbed system (2.8.9) will be Hamiltonian if, given V4, we can find a function K; and

vector field X4 which satisfy Eq. (2.8.11)).
An important necessary condition, implied by but weaker than Eq. (2.8.11f), can be found by

contracting it with 7Ky 4, using the antisymmetry of QA8 and (LxQ)AB, and YOA = nQ@“BKoﬁ,

. d
nKoaVA = nKoaQ4PK1p = -YPK p = — <dA> K, (2.8.12)
0

13A general linear perturbation to the symplectic form Qg form can be written locally as € = Q¢ + eLx Qg
for the following reasons. Because the perturbed form must also be closed and non-degenerate, there exist (at
least locally) coordinates (G%, py) in which the perturbed form takes the canonical form Q = dg* Adp,. There
exists then a linear coordinate transformation between the barred coordinates and the original (zeroth-order)
canonical coordinates, which can be parametrized by a gauge vector X. The pullback of the perturbed form
into the original coordinates then takes the form .
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where (d/d)\)g is the parameter derivative along the zeroth-order integral curves. By integrating

this around a closed zeroth-order orbit, we obtain a condition for V4 which is independent of Kj:
j{dA nKo VA =0. (2.8.13)
0

Now consider the case where the zeroth order system is geodesic motion, given by Eqs. ([2.8.8)),
which are Y4 = nQéBKQB with Y4 = (z",pu), Qo = dz" Adp,, and Ko = (p? + m?)/2m. We

consider a perturbation to this system given by
plj/
= n < + ef'u> ) D)\pu - enF;,m (2814)
m

which is Eq. 1' with the perturbing vector field written as V = f”@u + F,(0/0p,). Writing

the gauge vector as X = X”ﬁu + (u(0/0py), Eq. (2.8.11) can be written as

K = v
o= 81_p<vyxu+(% ),
apu m apﬂ

v

~ p ~ ~
Fo = —VKi+ 2 (Vi = Vi) (2.8.15)

The perturbed system will be Hamiltonian if, given f# and F),, we can find K1, x*, and ¢, which
satisfy these equations.

Now, the specific perturbation to geodesic motion we wish to consider is that produced by the
conservative self-force, sourced by the osculating geodesic, as in the EoM . We define the
dynamical system on phase space corresponding to this EoM by demanding that p, be related to
2 by py =mz,/ V=22, just as for geodesic motion. Identifying € = ¢* as the small parameter, this

fixes the components of the perturbing vector field in Eq. (2.8.14)) to be

=0, Fu = P [V zp/m)| (2.8.16)

=2
where 1), is the conservative self-field sourced by the osculating geodesic, given by Eq. , and
Py =4+ pup”/m? is the projector perpendicular to p* (or u*). Now, given this f* and F),, can
we find Ky, x*, and ¢, which satisfy Egs. 7

We will address this question for the specific cases of the Schwarzschild and Kerr spacetimes in
the following subsection, using action-angle variables for geodesic motion in those spacetimes as
phase space coordinates. But first, we note one property valid in an arbitrary spacetime. Applying

the necessary condition (2.8.12)) to the perturbed geodesic motion system, we find

d p
_ Ki=nKoiVA=p"—F = 2.8.1
(d)\>0 1 80,4 n o 07 ( 8 7)

66



where the last equality follows from Eq. (2.8.16) and pt'P; = 0. This means that the perturbation
K to the constraint must be constant along the zeroth-order (geodesic) orbits. Note that this also
shows that the system satisfies the loop-integral condition (2.8.13]). Also note that these results,

while derived using Y4 = (2, pu), are independent of the choice of phase space coordinates.

IIT The Schwarzschild and Kerr spacetimes and action-angle variables

Bound geodesic motion in the Schwarzschild and Kerr spacetimes is completely integrable, and
thus can be described in terms of (generalized) action-angle variables, as discussed by Hinderer
and Flanagan [23]. These are canonical coordinates Y4 = (¢, .J,) on phase space such that the

Hamiltonian system for geodesic motion takes the form

YA =0 P Ky B, Qo = dg® AdJ,, Ko = Ko(J), n=1.

0K,
= 9,

= q* w*(J), Ju=0. (2.8.18)

The constraint (Hamiltonian) K is a function only of the action variables J,, which are all
conserved along the geodesic orbits [and still Ko = (p? 4+m?)/2m, just expressed in terms of the new
variables]. The angle variables ¢* then increase linearly with A (having chosen = 1), at the constant
frequencies waE For the Schwarzschild and Kerr spacetimes, there is one action variable and one
angle variable for each of the Schwarzschild or Boyer-Lindquist coordinates, ¢* = (¢*, ¢", ¢, q¢) and
Jo = (Ji, Jr, Jg, Jp). The (true) angle variables ¢", ¢%, and ¢? are periodic with period 27, while ¢*
has an infinite range. In Schwarzschild, we can specialize to motion in the equatorial plane 0 = 3
and ignore ¢? and Jp without loss of generality; in Kerr, we cannot.

We consider the conservative self-force perturbation to this system which is the same as that

given by Eqs. (2.8.14) and (2.8.16)) above, simply translated into the action-angle coordinates.

Writing the perturbing vector as V = f*(8/8¢®) + Fu(8/.J,), we have

¢ =w*(J)+ef%q,J), Jo = €Fu(q, J). (2.8.19)

4The parameter A here could be any of the proper time 7, the coordinate time ¢, Mino time [70], or
any other parameter, but the differing choices will change the definitions of (¢%,J,) in terms of (2#,p,).
Following Hinderer and Flanagan [23], we choose the parameter to be A = 7/m, where m is the particle rest
mass, with all dots in this section being d/d\ = md/dr. This choice makes geodesic motion well-defined as a
4-dimensional action-angle system, with the rest mass as an additional conserved quantity; see Ref. [23] for
further details and for the explicit construction of the action-angle variables for Kerr.
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Due to the symmetries of Schwarzschild and Kerr under ¢-translations and ¢-rotations, the functions
f% and F, have the important property that they only depend on the angle variable ¢" for
Schwarzschild, and only on ¢" and ¢? for Kerr, and not on the other angle variables (while depending
on all of the action variables).

This perturbed system will be Hamiltonian if we can find a function K; and a vector X =

X4 (0/0q%) 4+ (o (0/0Jy) which satisfy Eq. (2.8.12), which now reads

o _ OK1 s (Ox", O
o= gL e <6q5+8Ja
_ 0Ky | 5 (0G0
Fo = 3o tu <aqa 55 ) (2.8.20)

We can attempt to address the solvability of these equations by carrying out a discrete Fourier
transform for the dependence of the relevant functions on the angle variables. We make the
(reasonable, though not strictly necessary) ansatz that the functions Ki, x®, and (,, like f* and
F,,, depend only on ¢" for Schwarzschild and only on ¢" and ¢’ for Kerr, not on the other angle
variables. For clarity, we will distinguish the two sets of angle variables with different index types:

a, (3, etc. are split into C, D, etc. and I', A, etc.,

C _ (,r r_ (.t 0 ¢
N g =(d"), ¢ =(¢q¢",¢%)  for Schw.,
¢“ = (¢%,q"), (2.8.21)

“=(".9), & =I(q) for Kerr.

All functions involved depend only on ¢ and not on ¢'. We then Fourier transform all functions

w.r.t. ¢©, according to

=3 Ok, ) ke,
k
Z Z for Schw., Z Z Z for Kerr.

kr=—00 kr=—00 kg=—00
and similarly for F,, K1, x%, and (, as with f®. The k¢ are vectors of integers because ¢" and ¢’

are periodic with period 27. With this, the Fourier transforms of Eqs. (2.8.20) are

= 8[(1 8(5 0 8 wﬂf . B _

o« - o - o« (2.8.22
A (]%X o) = o (B W)+ B, 8 T WReX", (2822)
Fo = —ikaKy + i’ (kals = higCa) = ik (K1 =Gy ) = itk (2.8.23)

before splitting indices, where the second equalities simply rearrange, and after splitting (some)
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indices,

- 0 /= - ows - _

7€ o= = e (K1 _ w%) t ol iwPEkpx©, (2.8.24)
7 0 /= - ol - _

L o (K1 _ wé@) 4 aTFCB — iwPkpyt, (2.8.25)
Fo = —iko (Ki—wCs) - iwPkplo, (2.8.26)

From the coordinate-independent result (2.8.17]), we know that K; must be constant along the

zeroth-order orbits. Attempting to find any solution to Eqs. (2.8.2412.8.27)), we make the ansatz
K, =0.

The same result 1) also tells us that Ko 4VA =0, which in action-angle coordinates implies

that w®F, = 0, and thus w*F,, = 0. We then see that Egs. (2.8.26) and (2.8.27) will be solved if {,
satisfies (both for « = C and a =1T)

Fy = —iwPkpl,, (2.8.28)

which is obvious for @ = I', and for @ = C requires noting that this equation along with w*F, =0

implies that w®(, = 0, if wPkp # 0. This equation can be easily solved for (,, given F,, whenever

wPkp # 0. Then, given this solution for ,, with K; = w?(s = 0, Egs. (2.8.24} [2.8.25) simplify to

- OwP _ . o
fo= WCB — iwPkpx®, (2.8.29)

for both o = C, T, which can be easily solved for Y%, as long as wPkp # 0. Thus, for the case
wPkp # 0, we have shown that Eqgs. can be solved.

The case w”kp = 0 can occur in Schwarzschild (where kp has only one component, k,) only
when kp = 0. In Kerr, however, wPkp = w"k, + w’kg = 0 can occur whenever wr/wg is rational,
which corresponds to resonances in the r and § motions [84]. In that case, our solution would require
the nontrivial condition that F,, = 0 on resonanceE Without further investigation of this condition,

we cannot make any claims about the Kerr case.

- 15Tf we replace the ansatz K; = 0 with K; = Kqi(J z, then the resonant cases would require only
Fe = —ikc Ky, not that F vanishes. Still we would need FT = 0 on resonance.
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In the Schwarzschild case, Eqs. (2.8.26] [2.8.27) shows that our solution requires that F,, = 0

when kp = 0 (when k, = 0). Using the inverse Fourier transform, this condition is

B 1 21
Fy(0,J) = 27r/0 dq" Fa(q,J) = 0. (2.8.30)

Recalling that F,,(q,J) depends only on ¢" (and all the J, ), and that the J,, are constant for a given
geodesic orbit, this integral over one period of ¢" holding the J, fixed is an average over one period of
the geodesic motion. Recall from Eq. [and footnote that F, = J, = dJ, JdA =mdJ,/dT
are the rates of change of the action variables. The action variables J, are functions only of the
geodesic ‘constants’ of motion, the energy F and angular momentum L of Eq. [and the
rest mass m] for the Schwarzschild case. We showed in Sec. that, under the influence of
the conservative self-force, the average over one geodesic orbital period of the T-derivative of any
function of only E and L is zero [see in particular the discussion immediately following Eq. ]
Thus, the condition is satisfied in Schwarzschild.

To summarize, we have shown that the linear-order conservative dynamics of a scalar charge on
a bound orbit in Schwarzschild can be described by the following Hamiltonian system. With phase
space coordinates Y4 = (g%, Jo) being the action-angle variables for geodesic motion, the system is
defined by

YA = (Qo + eLx Q)" (Ko + eK1) 5 + O(e?),

where Q¢'Z and K are as in Eqgs. , K1 =0, and the gauge vector X = X*(0/90¢%)+(a(0/0J4)
is given by Egs. , [via an inverse Fourier transform| with the functions f¢ and
F,, determined by the translation of Egs. into Eqgs. via the coordinate
transformation (z#,pH) <+ (¢%, Jo). This result easily generalizes from the scalar case to the EM
and gravitational cases [because those self-forces share the same orbit reflection properties discussed

in Sec. [2.7.V].

We have thus shown that the conservative self-force dynamics in Schwarzschild is ‘Hamiltonian’
in the above sense. As it stands, our result verifies the existence of the Hamiltonian system but
does not represent a practical computational scheme; it is hoped that future work will remedy this
drawback. To generalize the result to Kerr will require further investigation of the condition that

F, =0 when w*k, = 0 (for the case of orbital resonances).
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2.9 The geodesic function

This section considers properties of the geodesic function xgl(x“, u*, 7) which gives the point xgl
reached by traveling an interval 7 along the geodesic leaving the point z* with tangent u*. We
begin in Sec. by relating this function to Synge’s world function o(z,z’) and its derivatives,
using well-known properties of the latter to derive properties of the former. Section shows
how some of these properties can be used to (partially) simplify the conjectured local EoM .
Section then develops further identities for the derivatives of the geodesic function. Finally,
Sec. [2.9.1V] discusses the parallel propagator and the expansion of bi-tensors near coincidence,
applied to the derivatives of the geodesic function. These results will be useful for the discussion of
geodesic deviation in Sec. 2.10]

For the treatment of Synge’s world function, and more generally of bi-tensors, we draw heavily

from Part I of the excellent review by Poisson et al. [25], as well as from the seminal work of DeWitt

and Brehme [62] and the textbook by Synge [85].

I Relation to Synge’s world function

Given a spacetime point x and a (not necessarily normalized) timelike tangent vector v at that

point, there is a unique geodesic passing through x with tangent oc v. Given also a proper time

/

o> reached by traveling a proper time |7| along the geodesic

interval 7, we can find the point 2/, or x

!
g

in the direction of sign(7)wv. This defines the geodesic function z}(z,v,7), or xgl (xt, ", 7), used
above, which has the property xy(z,v,7) = zy(x, v/vV—0v2, 7).

Conversely, the two points 2 and 2’ uniquely determine a geodesic connecting them (if they are
in each other’s normal convex neighborhoods), which then determines the proper time 7 along it and
the tangent direction at either endpointE The function that gives half the squared geodesic interval
(0 = —72/2 for the timelike case) along the geodesic connecting x and 2’ is known as Synge’s world

function o(x,z’). The world function is a bi-scalar which is symmetric in its arguments. One of its

basic properties is that its gradients give vectors that are tangent to the geodesic at the endpoints,

16The discussion here focuses on timelike geodesics, setting sign and normalization conventions appropriate
to that case, but this is all easily generalized to the null and spacelike cases. All relations below involving only
the functions o(z,2’) and 2’(z, ") of Eq. 1) [excluding those relating them to 7, u#, u and xy(z,u,7)]
are valid for all three cases.
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Figure 7: The timelike geodesic (with the future to the right) connecting the points z* and z*
with the velocities u# and u both future-pointing, with o# = —7u* and o* = Tu*
both pointing outward from the geodesic segment, and with 7 being the proper time
interval along the geodesic from z* to 2. Note that 2 is sometimes called a:g/.

with their norms being the proper time:
ot =Vho = —1ut, o =VHo =Tut, T=v—-20. (2.9.1)

Here, V,, and V, are covariant derivatives w.r.t.  and 2/, and u* and ut are the normalized
(u? = —1) tangents to the geodesics at = and z’. We use here the convention that 7 is positive if 2’
is in the future of x, which fixes the signs in Egs. (2.9.1) with both us being future-pointing; both

o-vectors point outward from the geodesic segment. The relations (2.9.1)) are equivalent to
oot = oot =20, (2.9.2)

which, along with ¢ — 0 as © — ', can be taken as the definition of o(z,z’). Differentiating

Eqgs. (Z9:3) gives

o"Vyot = ok, J“/VM/U“, =o', (2.9.3)

which are geodesic equations (equivalent to D, (c*/y/—c) = 0) for the vector fields o* and o*'. We
will later use the notation o, = V0, =V V0, 04, =V,V,V,0, etc., for multiple derivatives
of o(z, ).

So, given the world function o(x, '), we can differentiate at x to obtain the function o#(z,z’).
This o* encodes both the proper time interval 7 along the geodesic from x to 2’ and the velocity u*
at the z-end, since o# = —7uM. As we’ve seen, x, u¥ and 7 uniquely determine z’, and so x and
o* uniquely determine 2/. Thus, we can invert the function o*(z,2’), solving for z’, defining the
function z’(x, o*):

o (x,2") +— 2(x,0"). (2.9.4)
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From ot = —71ut, it’s clear that this 2/(x, o) is related to the function x’g(az, v, T) defined above,

with v# being an arbitrary tangent, by

d(z0,7) = o (x \;%) (2.9.5)

= zy(z,u,7) = o (x,—Tut). (2.9.6)

/
g

/
g

to have the normalization-invariant definition (2.9.5) with v — u. The relations (2.9.5)) and (2.9.1)

imply the relations

We will tend to write x}, as a function of a normalized tangent wu, while still taking the function z

ol Dt
’U/u = % = —U'u%, (297)
axgl l/axul 1% v 14
W = —T H’W’ P:U‘ = 5/»‘ + uuu . (298)

The derivatives of a:g/ w.r.t. 7 and w.r.t. u¥, in the first and second lines, are determined by the
components of dz*' /Oct parallel and orthogonal to u”, respectively In the first equality, we have
noted that the derivative of xgl w.r.t. to 7, holding = and u fixed, must be the velocity at the z’-end.

The functions o#(x,2’) and 2/(x, o*) satisfy
ot (w,:c'(:r, a“)) = ot, x’(x,a“(x, x’)) =2 (2.9.9)

The first equation says, given a point z and a vector o* there, find from the function z'(x, c*) the
point ' that is reached by the corresponding geodesic, feed the same z and that 2’ to the function
ot(x,2"), and you should get back the original o#. The second equation is the converse statement.
By differentiating these relations, we can obtain important identities for the derivatives of these

functions. For example, acting on the second relation with the partial derivative 9/90z# yields

’ ’ ’

ox* 9zt v Ozt OxH

Oz Ozt ozt
_ _ V_ TV gP) — _ oPTY v
0 90 T 907 9er = dr T g (Ve ~ Lo’ (axﬂ oL 80”) + g Vio
~ ’ 833“/ v
= Va0, (2.9.10)

where the second equailty uses the definition of V0", the third just rearranges, and the fourth uses

the notation al’# = V0" and the definition of the horizontal covariant derivative @M w.r.t.  while

In deriving Eq. from Eq. , we have used the relation du”/dut = P} (not 6;), where
P} is the projection operator orthogonal to u*, as in Eq. . This relation follows from the identity
ut = u*/v/—u? and reflects the fact that the u-derivative is really 3-dimensional (because u? = —1); it is
always projected into the vector subspace orthogonal to u*.
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parallel propagating o#. Similarly, differentiating the second relation (2.9.9) w.r.t. 2/, and the first

w.r.t. x and w.r.t. o, yields the other three of these important idenities:

’

' / oxt

Wa“y, = o, o, Sor = M (2.9.11)
Oa” o', = =Vt o NVt = —oh (2.9.12)
80—# 1 12 b u/ v v PRV N

Here, the derivatives of ¢ are functions of (z,z’), and the derivatives of 2’ are functions of (z, "),
but all of these identities (as with many to come) hold either with (z,z’) — ((z,2'(z,0*)) or with
(z,0") = (z,0"(z,2")).

The identities state that o u’ and Ozt /Oct are inverses; they are the Jacobians of
the transformation o# < 2/, with = held fixed. This can be used to derive each of the two
identities 1) for @Mx“/ from each other. These identities will prove invaluable in elucidating
the properties of the geodesic function a'(z,0*) and its derivatives @um‘/ and ozt /0o, using
well-known properties of Synge’s world function and its derivatives.

For example, the geodesic equations 1' and considering ot = v (0 = %aua“) give us

!

oto” =o", a“a“;L =o", (2.9.13)

and similarly with primed <> unprimed. Using these with Eqgs. (2.9.11) and (2.9.12)) then yields

!
L oxH ! oxH

gor 7 T g T

ol‘@um“/ = o, aﬂ/@ux“/ = —0y, (2.9.14)

the first of which is equivalent to the already noted Eq. (2.9.7)), via Eqgs. (2.9.1]).

/

These also translate into properties of the geodesic function z

(x,u,7), which is just 2/(z, ")
with o# = —7u*. We will henceforth often drop the subscript g on x'g, letting arguments or
derivatives discriminate between the two functions, writing z’'(z,w, 7) = 2/(z, o*) with o# = —7ut.

The derivatives w.r.t. x, @Mx“/, are the same for both functions, and the derivatives w.r.t. u* and 7

are related to those w.r.t. o#, from Egs. (2.9.7) and (2.9.8), by

ozt ozt ozt ozt ,
— v D /) o 1]
oul TEy dov’ ar " dor " (29.15)

Combining Egs. (2.9.1) and (2.9.14) yields the useful relations

u“?ux“/ = ut, uulﬁﬂx“l = uy. (2.9.16)
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We now pause in our development of properties of the geodesic functions to note how the first of
the identities (2.9.16) can be used to make some (ultimately unfruitful) manipulations of the EoM
(2.5.3)) which results from the conjectured local action principle (2.5.5)).

II Some integration by parts in the conjectured equation of motion

Recall that the conjectured action (2.5.3)),
2
Sglz] = /dT [—mo + (121/1(z;z,u)] , Y(x;z,u) = /dT’G(x,x/(z,u, ™)), (2.9.17)

leads to the EoM (12.5.5]),

2

ma, = %PZ (@V - up@paauy> V(2 z,u) + O(¢*) = Fl‘f, (2.9.18)

and we would like to know if this is equivalent to the correct local EoM ,
ma, = ¢*P! {v,(f)w(:c; 2, u)] +0(¢") = FB. (2.9.19)
The latter can be expanded out as
FP =Py / dr' v, G, (2.9.20)
while the former has half this term plus four others{™|

A qQ v / = e axu’
F2 = 5Pu dr' |\V,G +V, 2" V ;G — [ uPV VG (2.9.22)

w P ouv

61’“, ~ !
ot (VG + V2" VG ] ,

where all the derivatives of G are functions of (z, ' (z,u, 7’ ))

'¥In obtaining Eq. (2.9.22)) from Eq. (2.9.18), we have used, with G = G(z,2(z,u,7')),

- — ) Dzt
VVG = VVG + foﬂ V#/G, %G = WVIJ/G, (2921)
-9 e Dzt —

Recall that @u is the horizontal covariant derivative w.r.t. z, parallel propagating u, holding 7’ fixed. The
normal covariant derivatives V,, and V, act on G(z,2’), differentiating w.r.t. z and 2’ each while holding
the other fixed. The identities of the last subsection apply here with the notation changes x — z, 7 — 7/,
with u the velocity at z, and with 2’ unchanged.
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We have not been able to show that these two EoMs are equivalent (and our numerical results
from Schwarzschild indicate they are not), but we can make some interesting simplifications which

reduce the number of terms in F/ ;;‘.
First, we note the result of commuting the operators d/0u” and u”@p of Eq. (2.9.18),
-0

ufV

9 - 5
Pour wupvp — PV,

keeping in mind du” /du’ = PY from footnote [17| and the fact that &/du* and V, commute. From

this, the conjectured self-force (2.9.18)) can be rewritten as

2 5 o _
FA— %Pg <2vy - Wupv,,> 0, (2.9.23)

where 1) = 9¥(z, z,u). Now consider expanding out up@pz/):
WV = /dT' (uﬂv,, + uﬂ@px”’vw) G(z, 2 (z,u, 7))

= /dr’ (upr + u“/VM/) G(z,2'(z,u, 7))

- /dT' (upr + ({;) G(z,:r’(z,u,T’)).
The second line uses the first of the identities , and the third uses the first equality of
Eqgs. and the chain rule. The second term in the integrand is now a total derivative, and so,
with the [very] reasonable assumption that G(z,2(z,u,7’)) — 0 as 7/ — oo, this term vanishes.
Acting on this with 9/0u” then gives

0 ,& 0 oy _ o op pﬁx“/
P pr—w dr'u’V,G = [ dr | PIV,G +u WVM/VPG .

U

Using this along with Eq. 1: in Eq. yields our simplified result for F }f‘,
a_ ¢ / U Ozt
P = 2Pﬁ/d7 (V,,G +2V, 2"V, G — UPWVM/V,,G> ,
which has whittled the five terms of the conjectured local EoM Eq. down to three.

This seems a promising simplification, and it’s conceivable that further manipulations along
similar lines could yield insights into why the conjectured action does or does not work in various
cases (in particular, the simple examples of Sec. where it does work, or the case of Schwarzschild
where our numerical results indicate it does not). It seems that one would need to use, as we have

not done here, certain properties of the conservative Green’s function, e.g. its symmetry or the fact

that it satisfies the homogeneous wave equation.
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IIT More derivatives of the geodesic function

In preparation for our discussion of geodesic deviation in Sec. 2.10, we present here identities for
further derivatives of the geodesic function o (k) = ot (ah, —Tul) = o (xh, o).
Throughout this section (and the next), we will consider this function and its derivatives w.r.t. z*,

ot ut, and T,

! I

R dxH At , Ozt ;O Ox#
V“xu ) 80';’6 ) auu = _T—P'u W) uﬂ' = aT = _U#W7 (2924)

respectively, which are all defined as functions of (z#, ") [or (z*,u*, T)], to be functions of the two
points (z#,z"), via the replacement (z#,ot) — (z#, o™ (zt, zM')).

Our starting point will be the identities (2.9.11] [2.9.12)),

’

' / oxt

W O'MV/ == (5”1/ 5 O'MM/ W = 5”1, s (2925)
oa" o, = —V,at oVt = —oh (2.9.26)
ot Y v Wy v e

which define @ux“, and 9z /9ot in terms of the derivatives of the world function. We will be
interested in the action on these functions of the derivatives

1 / 1 ’
D=u'V,=—--0"V,, D' =" Vu=-c"Vy,
T T

which are effectively derivatives w.r.t. the interval 7 along the geodesic connecting x and z’, the
first while holding #’ fixed and moving z in the direction of u, and the second while holding x fixed
and moving z’ in the direction of «’. Our ultimate goal will be to calculate the results of acting

with D and D’ on the functions V,z*" and dz*' /Ou .
First, toward evaluating D(dz* /dut), consider the result of acting with 0?V, on Eq. ):
dxt dxt

a“u/aﬂv = — [JPU”

P ooV OoV

wp = Vw(oPoh,) — apu,a” =o', - crpu,a“p} = -, +d",

P w

where we have used Eqs. (2.9.13) and (2.9.25b). Contracting this with dz* /dc* and using
Egs. (2.9.25, 2.9.26) vields

/

o Y _ v
o VP&TV D57 V,x" .

Then, noting from Egs. (2.9.1}[2.9.3)) that 0?V,7 = 7 and 0?V, ut =0 = 0’V P}, we have

/ ’

8.%-// 1 Vaxu v 8.%"“’ I ’
Do =77V (‘TP;L aau> = P+ 0"V0) g = —FiV "

OuH
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Evaluating D(@u:n“/) proceeds along similar lines, starting from Eq. (2.9.26p) and using

PV P vo_ v
ofo”,, =0 (VPVMU =V,.V,0

PH j 2

. v\ p v vV P UV _ v_p_A
RPMAO'>—(O'O' =0 o O'p) RpMAO'O',

which has used the Ricci identity, with the Riemann tensor evaluated at x.

Suppressing further details of the derivations, we note the relations

p Y _
g VpU W =

o v
oV o u =
!
o
Upvpaa: _
Oot

nd /
VAR v L
g P u.ﬁU =

which (along with others from above)

ozt

D
OuM

of acting with D = utV,, = —(o#/7)V,, on dz* /du = —TPMV(&L‘“//&I”) and V2.

~ ’
=—P;V, 2",

P
ol —otyo "

lead to the results

v . v,p
DV,x _Rpu/\ uPu

(2.9.27)

(2.9.28)

(2.9.29)

(2.9.30)

(2.9.31)

The results of acting with D’ = u* V= CL 7)V,» are found by analogous methods. Some

useful identities are

/

p v
o’ Vyo L

o w
o’ Vo L

/ !
p I
o’ Vo,

!
m
gP/V ) 8.13
P
OoHt

/ ind /
p )
g fovua:

where the Riemann tensor is evaluated at x’. These lead to the first derivatives

’ ]//
, 0zt 1 Ox

oM T
OuH T VY Ouk

and the second derivatives

ﬁx“l VN
N2 _ wopl A
(D) S Ry v’ u

ox”
Out’

v v
= oY, —d’, 0",
MI ﬂ/ v
= O uw g V/O' w
’ ’ ’ (VIR
A
= O'uy/ 70_/1«p/O.PV/ 7Rp/y//\//‘* O'pO' s
’ ’
oz w 0¥

_ oMt
oot v dor’

Hl ~ v M/
= o, V" +o",

~ 1 /= / ’
’ w " 1% In
, D'V,x ——7(0 o VuT —i—aﬂ),

/

N2 o Wl N o
(D) Vpat' = =R\ v’ u” Vya?.

(2.9.32)
(2.9.33)

(2.9.34)

(2.9.35)

(2.9.36)

(2.9.37)

(2.9.38)

We recognize these last two equations as forms of the geodesic deviation equation for @ux“/ and

Azt /Aur (ignoring the p index). They will be useful in formulating the general solution to the

geodesic deviation equation in Sec.
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IV The parallel propagator and expansions near coincidence

Use of Synge’s world function o(x,2’) and its derivatives provides a handy covariant method to
‘expand bi-tensors near coincidence’, i.e. to expand bi-tensors defined w.r.t. two points z and 2’ in
the limit where 2’ approaches z. This procedure makes use of a basic bi-tensor we have not yet
mentioned, the ‘parallel propagator’ g" ;(x,:v’ ). After discussing ¢" ;L and the expansion method,
following Part I of Poisson et al. [25], we present the expansions of the derivatives @ua:“/ and
dx+ /oot of the geodesic function.

Note that all results in this section (unlike the last) are valid when x and 2’ are timelike-,
spacelike-, or null-separated. Our use of this section’s results in Sec. [2.10| will actually be for the
spacelike case, considering two spacelike-separated points on neighboring timelike worldlines.

Given two points x and z’ with a unique geodesic linking them, and a vector A* at x, consider
parallel propagating the vector along the geodesic, obtaining the vector A* at 2/. This is a linear
map from vectors at z to vectors at 2/, AW = ¢* ;LA“, which defines the bi-tensor g" ;(x,az’ )
known as the parallel propagator. Its inverse g* W (satisfying g" ;Lg“ = e ;, and ¢" ;Lg” W= & u) is
simply g" W= gufl = g" g g”;,, so that index ordering and up/down placement don’t really matter.

The parallel propagator can also be defined by "V, g" L = 0"V, g" ;L =0, and similarly
with primed <+ unprimed, along with the condition that the ‘coincidence limit’ of g ,/, is 6", written
[¢" :,] = 6",. The coincidence limit of a bi-tensor of type T}, (z,2’) is the normal tensor of type

Tyw...(z) obtained from the limit 2/ — x. We note the coincidence limits results

A=l =10"1=0, ) =lon] =l = ") =8 o= [0, ==,

m

M,a“/ = —o#*, which are equivalent to Eqgs. (2.9.1

and the transport results  g¢" ;U“ =gt g

and the fact that a geodesic parallel transports its tangent.

We have seen how the information in the two points x and 2’ is equivalent to the information
in the point z and the vector o# at z: the point 2’ is reached by leaving = on the geodesic with
tangent o« —o*, going an interval \/W (recall o# = —7u* for the timelike case). The vector o*
at x is like a covariant version of a displacement vector from x to 2’ (but with a minus sign because
o points outward from the geodesic segment).

The covariant expansion of bi-tensors near coincidence (as ' — x) expands in powers of the

vector o (x,x’) in analogy to how a normal Taylor expansion in flat space expands in powers of a
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displacement vector. A (smooth) bi-tensor with indices only at z, e.g. Ty, (x, '), is expanded as
! p 1 P A w3
Ty(x,x") = Ay + Ay po” + iAquAU o+ O(ct)?,

where the A = A(z) coefficients are determined by coincidence limits and derivatives thereof of T'
and its derivatives (e.g. A, = [Tyw]), as detailed in Sec. 6 of Poisson et al. [25]. For bi-tensors with
indices at 2/, one factor of the parallel propagator is needed for each such index, to turn a tensor

expansion at x into a bi-tensor of the proper index structure, e.g.,
1
A A
S (x,2') = g”l,,gpp, (B;wp + Bupro” + §Bu,,p>\§a 05> + O(o™)3.

Some important expansions are those of the second derivatives of the world function and the first

derivatives of the parallel propagator:

1

Ouw = YGuv — gR,upy)\UpU)\ + O(Uu)3, (2939)
1
o = —9"y <9W + 6Rﬂpu>\0p0)\> + O(Uﬂ)ga (2.9.40)
1
o = g 9" <9W — 3Rupuxa”oA> +0(c")3, (2.9.41)
/ 1 /
Vogt, = "R 00 + 0", (2.9.42)
! 1 /
vp’guz/ = ig'uugpp/R‘u,,p)\O)\ + O(O'M)2- (2943)
From the first two of these and Egs. (2.9.11p, [2.9.12h),
a.ﬁUp, ~ ’ 6x'ul
H — JH wo_ P
T oy o, Vyat = 950 O v
it is straightforward to derive the expansions
a.ﬁU“l ' 1
oo = 9 (‘”‘u - GR“MJ”UA) +0(o")?, (2.9.44)
= ! / ]_
Vot = g¢", <5“y - 2R“py>\0pa)‘> + O(a™)?, (2.9.45)

of the derivatives of the geodesic function.
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2.10 Geodesic deviation

This section considers how the dynamics of a worldline can be expanded about a fixed (fiducial)
geodesic in terms of a deviation vector field along the geodesic. We begin in Sec. by discussing
how a vector along a geodesic can determine a neighboring worldline, first to all orders in the
deviation vector, and then covariantly expanding relevant quantities to quadratic order in the
deviation vector. We use these results to derive the geodesic deviation equation for the deviation
vector as well as an action from which it can be derived. In Sec.[2.10.I1 we discuss a form of the
general solution to the geodesic deviation equation. Finally, Sec. considers how the use
of deviation vectors along fiducial geodesics might be useful in investigations of actions for the

conservative self-force.

I A covariant derivation of an action for the geodesic deviation equation

Given a fixed geodesic worldline z#(7), the fiducial geodesic, with velocity u*, a neighboring worldline
can be specified by a deviation vector field £#(7) along the geodesic. To linear order in ¢, the

coordinates x* of points on the neighboring worldline can be defined by
z(1) = (1) + €4 (1) + O(&?). (2.10.1)

The correspondence between points on the two worldlines can be made unique by demanding that
§ is orthogonal to the geodesic’s tangent, w,{* = 0. We choose the parameter 7 to be the
proper time along the fiducial geodesic z#(7), and we will also use this 7 as the parameter for the
neighboring worldline z#(7).

The requirement that the worldline z#(7) be a geodesic [to O(§)] leads to the geodesic deviation
equation for the vector £#(7):

D*" 4+ R' ufure” =0,

where D = D/dr = u*V,,. We present here derivations of this equation and of an action principle
from which it can be derived, using the formalism of bi-tensors and the geodesic function discussed in
Sec. The derivation of the action principle requires extending the relation (2.10.1)) to quadratic

order in the deviation vector &.
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Figure 8: The fiducial geodesic 2#(7) and the neighboring worldline 2%(7). At the point z#, the
normalized tangent to the fiducial geodesic is u*. At the point z®, the (unnormalized)
tangent to the neighboring worldline is £“. The deviation vector £* at z* is tangent
to the geodesic segment linking z# to 2%, and the norm ,/£#¢,, is the proper distance
along the segment.

We can define the neighboring worldline z in terms of the vector £ along z in a covariant and
exact manner, to all orders in &, as follows. First, note that [though it didn’t matter at O(§)] we
should use distinct types of indices for the tangent spaces on the geodesic z and the on neighboring
worldline z. Instead of using primes hereB we will use u, v, p, A, ... indices on the fiducial geodesic
z"(7) while using «, 3,7, 0, . .. indices on the neighboring worldline z*(7). We then use the geodesic

function z%(z#, o*) of Sec. to define the neighboring worldline in terms of £ by
z(1) = z%(2H(7), —€"(7)),

so that z¢ is the point reached by leaving z* on the (spacelike) geodesic with tangent o< £, traveling
an interval /&#¢,. The minus sign appears because { points from z toward x, while the world
function derivative o# [in terms of which the geodesic function x®(z#, o#) was defined] points in the

opposite direction, outward from the segment linking z and x@

19This is because, in following sections, we will be considering four points simultaneously, using indices of
types u, ', a and o’.
20The translation in notation, Secs. and [2.9.IV|— here, is accomplished by x# — 2# and z* — . The

geodesic function z(z*, o*) here is defined just as gc"/(av“7 o*) there; its vector argument here is o# = —¢*.
Note that the u* = —o* /7 of Secs. and |2.9.111} which concerned timelike cases of the geodesic function, is
unrelated to the u* in this section, which is the tangent to the fiducial geodesic z#(7). The vectors o# = —&#

here are spacelike, and we don’t use normalized versions.
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With the neighboring worldline defined by z*(7) = z*(2# (1), —£#(7)), consider its tangent (7).
[Since 7 is the proper time along the fiducial geodesic z#(7), it is a non-affine parameter along

x®(7).] Applying the (‘horizontal’) chain rule yields
T = ut VNIxa(z —&) — D& —(z,-¢) (2.10.2)
’ dor ™’ ’ o

where @uxo‘ is the horizontal covariant derivative of the geodesic function x®(z*, o*) w.r.t. z#, and
dx /Dot its partial derivative w.r.t. o, both evaluated at (2#,0") = (2(1), —&#(1)) = (2, —€).
Now, an expansion in powers of the deviation vector £# matches up with the coincidence expansion

as * — z in powers of o#(z,z) = —&H, as in Sec. [2.9.1V| Using the expansions (2.9.44} [2.9.45|) of the

geodesic function derivatives,

8 «
Sz =8) = —g%u+ 0, (2.10.3)
(e = 8% (¥ 3R + 0 (2104

the neighboring worldline’s tangent vector ¢ (2.10.2)) has the expansion
. 1
" =g, (u“ + DEF — 2R“pyAu”£P§*> +O0(&%) + D¢ - O(£2). (2.10.5)

The parallel propagator is evaluated as g, = ¢g,(z,7) = g%, (z, x(z, —f)), thus having a hidden
§-dependence which will come into play later. For the order counting here, we note g%, = 0(£9).

We count will orders of &, D¢, and D?¢ separately for the following reasons. It is consistent in
some circumstances to take O(§) ~ O(D¢) and to work to O(&, DE)™, meaning dropping all terms
with n + 1 factors of ¢ and/or D¢. However, one cannot consistently use D26 = O(&, D), because
D?2¢ is constrained by the equation of motion. For geodesic motion, one will have D%¢ = O(¢, D¢),
but in the presence of an external force (or a self-force), D?¢ will have an O(¢, DE)° contribution.
Note that this means, generally, D[O(&, DE)"] = O(&, DE)™™1, so that one must be careful when
differentiating expanded expressions; note however that D[O(£")] = O(€, DE)™.

From the expansion (2.10.5) of %, we can calculate the proper time 7, along x(7):

dr, 1 1
e _ a2 q_ 1t 2, L 3
I T 1 2(Df) + 2Ru§u€ + O(f,Dg) , (2.10.6)

where (D€)? = D&, DE* and Ryene = RHPVAUMUVS%A. Note we have used u,&* =0 = wu,DEH =0

(since Dut = 0), and gaggo‘ug’gy = Guv-
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We can now write down the action for the geodesic deviation equation for &(7), from the geodesic

action for the worldline z(7), S[z] = —m7, = —m [ drv/—?, using Eq. 1)
1 1
Sl = —m/dr [1 — 5(Df)2 + QRUgUg] + O(¢, DE)3, (2.10.7)

It is easy to verify that varying this w.r.t. £ yields the geodesic deviation equation D?&H + Ru§ =0,
where Ruﬁu“ = RVpA”u”fpu’\.

We can also directly calculate the acceleration a® of the worldline z%(7), using Egs. and
E109.

a® = \/_172D<\/%> (2.10.8)

=D [g% (u“ + D¢+ ;<D5)2u“> +0(€%) + 0(&, DE*| + O(&, DE)*

= ¢ D" + (D¢ D%t + (u* + DE*)Dg?, + O(€, DEY. (2.10.9)
Recalling g%, = ¢%,(2,2) = g%, (z, x(z, —5)), the covariant T-derivative of the parallel propagator is

Dg®, = u'V, g%, +i’Vgg®, = —g*, R’ \u'E* + O(&, DE)?, (2.10.10)

where the second equality has used ©? = gﬂ wu’ + 0(&, DE) from Eq. (2.10.5) and the expansions
(12.9.42} [2.9.43)) of the parallel propagator derivatives,

o 1 o (0% 1 « v

Plugging Eq. (2.10.10) into Eq. (2.10.8]) gives
0 = g% | D*¢" + Ry, + (DE- DX | + O(¢, DE)? (2.10.11)

for the acceleration of the neighboring worldline x"‘(T)E

If we now impose the geodesic equation a® = 0 for the worldline, this implies that the quantity in
square brackets in Eq. vanishes (since g%, is invertible). Contracting this with u, (which
kills the first two terms due to u - ¢ = 0 and Riemann symmetries) yields D2¢ - D¢ = 0, which when

back-substituted yields the geodesic deviation equation:

a®=0 = D?*¢F + Ry, = 0. (2.10.12)

2INote that without the term (D¢ - D?¢)u” in Eq. (2.10.11)), the acceleration a® would not be orthogonal
[to O(&, DE)] to the tangent 2 of Eq. (2.10.5), in cases where D?¢ = O(€, DE)Y.
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II The general solution to the geodesic deviation equation

Given a fiducial geodesic z#(7), a deviation vector {# at a single point z# and a value for the
derivative D&M at that point will uniquely determine a solution to the geodesic deviation equation
. We can find an explicit formula for the solution £ at a different point z ('), in terms
of &# and D&M at the initial point z#(7), and in terms of bi-tensors between z* and z“/, as follows.

First, we recall some results from Sec. [2.9.ITI] There, we considered the geodesic function
zH (zH, ut, 7); here, we use that same function in the form z“’(z“, u*, 7" — 1), which in the context
of the previous paragraph gives the second point z“l(T’ ) on the fiducial geodesic. As discussed sur-
rounding Eq. , the derivatives @Mz“/ and 82“// Ou* of the geodesic function z“/(z“ Jut 1t — )

w.r.t. z* and u* can be considered as (bi-tensor) functions of z# and z* (abbr. z and 2’). On the

functions V2 (2, 2') and 2% /Out (2, 2'), we found the results (2.9.31} [2.9.37, [2.9.38) for the action

of the derivatives D = u#V, and D' = u“lvu/:

/

ozH Oz*

S = ~PY V2", DV, = Ruw (2.10.13)
8,2“/ 1 / 8,2”/ ~ ’ 1 /I~ ’ ’
/ o 1 / _ M
Do = ot D'V, = T/_T(a V2 +U“M>, (2.10.14)
0 w 10 v = / & !
(D)2 azu = Ry %, (D)2 V2 = —Rypuh V2" (2.10.15)
U U
The results (2.10.15)) show that
’ ~ ’ 82’“/
B Am B B
¢ = AV, + Br o (2.10.16)

where A* and B* only depend on z#(7), is a solution to the geodesic deviation equation
(D)2 + Ryt v u¥ ¢ = 0. (2.10.17)

The fact that @#z“, and Gz“l/ Ou# are linearly independent [as shown in the next paragraph] means
that Eq. (2.10.16)) is a general solution to the geodesic deviation equation.
To relate the coefficients A* and B* to the initial data &* and DE&* at z#, we can take coincidence

limits as z# — z* of the solution ([2.10.16)). From the coincidence expansions (2.9.45| [2.9.44)) and

from 9z /out = —(7/ — )Py 92" /30" [as in Bq. (2.9.24)], we have the coincidence limits

. , w
{V,,z“} = gk, !?921/] =0, (2.10.18)

which, along with the condition [¢#] = £* applied to the solution ([2.10.16)), tell us that A* = &
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[Note that Eqs. (2.10.18) and the fact that 9z*/du” is not zero show that @“z“/ and 92" /Qur

are linearly independent.] For the D’ derivatives (2.10.14), using Eq. (2.9.24)) and the coincidence
expansions (2.9.40} [2.9.41} [2.9.44] [2.9.45)), we have the coincidence limits

[D’@Vz“/} =0, [D/ 82"/] =4,

ouV

which, along with the condition [D'ﬁ“/] = DEP applied to the solution (2.10.16)), tell us that
B* = DEF,
Thus, the solution at z“l(T’ ) to the geodesic deviation equation (2.10.17)), with the initial data

&H and DEF at z#(T), is given by

ozH

¢ = eV, + D

(2.10.19)

Recall that the geodesic function derivatives can be expressed in terms of world function derivatives,

as in Eqs. (2.9.24] .9.25] 2.9.26)).

It is also nice to note the result of acting on the solution (2.10.19) for £ with the derivative D

at the initial point z#(7). Using Egs. (2.10.13]) we find

/

ozt

Dg = (D¢ + Rugu) 5

(2.10.20)

which vanishes if the initial data also satisfies the geodesic deviation equation.

IIT Geodesic deviation and the self-force

Section [2.10.J| showed how one can take the geodesic action and the geodesic equation for a worldline
x®(7), expand them in powers of a deviation vector £#(7) along a fiducial geodesic z#(7), and obtain
an action and EoM (the geodesic deviation equation) for the vector £&#. We now consider how the
dynamics of a particle experiencing a conservative scalar self-force can be expanded about a fiducial
geodesic.

For a worldline %(7) [T being an arbitrary parameter| with tangent #“ and acceleration a®,

recall the nonlocal conservative self-force EoM (2.4.1]),

i — quaﬁ/dT/\/T(T/) VG (x(7), (7)) + O(q"), (2.10.21)
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and the local EoM ([2.5.6]) [with the osculating geodesic],
ma® = qZPO‘B/dT" VﬁG(.T(T),l‘g (1‘(7),;1'@(7‘),7‘”)) + O(q4), (2.10.22)

both adapted slightly for our use here@

In expanding the worldline % about a fiducial geodesic z* in powers of the deviation vector &,
we must make a choice as to how the expansions in small charge ¢ and in small deviation £ are
related to one another. Since the self-force causing the worldline to deviate from a geodesic scales
as g2, it first might seem natural to use the relation O(¢, DE) = O(q?).

If we go with O(¢, DE) = O(¢?), then the two EoMs and will give the same
EoM for &# at O(g?). Since the self-force is O(g?), both the actual worldline z(7') and the osculating
geodesic xg(x, &, ') which source the force can be replaced with the fiducial geodesic at O(q?)
accuracy, because they both differ from the fiducial geodesic only at O(¢?); and similarly for the
field points as with the source points. Using the conventions and results of the Sec. we
find that the O(¢, DE) = O(q?) expansions of both the nonlocal and local EoMs for z* yield the

following local EoM for £#:
D?*¢F 4 Ryet = qQP‘“’/dT' V,G(2(1), 2(7")) + O(gh). (2.10.23)

Here, the self-force is sourced by and evaluated on the fiducial geodesic. This is (the conservative
part of) the self-force EoM for a deviation vector field discussed by Gralla and Wald [86].

It is easy to write down a local action [extending the geodesic deviation action ([2.10.7))] from
which the self-force ¢&-EoM can be derived [and this action can be obtained from the
O(&,D€) = O(g?) expansion of the nonlocal action , dropping &-independent terms]:

Sl¢l = /dT [?(Df)z - %Ruﬁug +q2£“/d7’ V.G (2(1), 2(r) | + O0(g%), (2.10.24)

where the s and us are evaluated at 7. Note that the radiative part of the self-force could be

straightforwardly incorporated into this action.

The action ([2.10.24)) and resultant EoM (2.10.23)) for &*, though of the same accuracy as the

worldline EoMs ([2.10.21)) and (2.10.22)) in naively counting orders in ¢?, could only be trusted over

22In the nonlocal worldline EoM is a different value of the same (arbitrary) parameter 7 used
for (7). In the local worldline EoM ([2.10.22), 7"/ is the proper time interval along the osculating geodesic
zg(x, &, 7). In the {-EoM (2.10.23)), and in all other equations below, 7’ is (a different) proper time along
the fiducial geodesic.
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relatively short time scales, since they completely ignore the deviation from the fiducial geodesic in
calculating the self-force. While it is clear that a better understanding of the error scalings is needed
here, along with a clearer statement of what ends we are working towards, it might be useful to
re-expand the local and nonlocal worldline EoMs without using the assumption O(&, D¢) = O(¢?).

Consider expanding the self-force EoMs about a fiducial geodesic while working to O(&, D) and
to O(¢?) independently. The nonlocal worldline EoM expands to a nonlocal EoM for &#:

D*F + Ry = ¢ (P + D&MuY) / dr’ (vy + &PV, VY, + gf"vp/vy)a(z, )
+0(¢, DE)* 4+ O(q"). (2.10.25)

Erl“his EoM can be obtained from the nonlocal action [found by similarly expanding the nonlocal

worldline action ([2.4.2])]
2

Sl = [ar (1= 500+ 3Rucse) [ ~m+ G [ar' (1= G0 + jRuene

! 1 1 ’ / /
X (1 + S“VM + f’u VM/ + §§“£”VHVV + 55” fy V;/Vu' + 6#5# VMVM/) G(Z,Z/)] .
Now consider expansion of the local EoM ([2.10.22)), making use of the solution to the geodesic

deviation equation from Sec. [2.10.1I The osculating geodesic z& (z®, %, ") can be specified by

g/
the deviation vector field &§ " at points 2 (), with xgl =g (2, ¢l ’), where &4 " is the solution
to the geodesic deviation equation given initial data £ and D&M (which determine 2% and
2%) at z#(7). The expansion of the local worldline EoM then yields the following local

EoM for &#:

D*F + Ry = ¢ (P"™ 4 D&Mu) / dr’ (V,, +&°V,V, (2.10.26)

i {’5”@%"' * Df”gi;} Vm) G(z,2') + O(€, DE) + O(q"),

where the quantity in curly brackets is &§ ", Tt seems possible that one could construct or test the
existence of an action for this EoM, with some guesswork and the machinery of Secs. and
which might help address the questions of Sec.

23Here, z, u, &, etc. are evaluated at 7 and their primed versions are evaluated at 7’.

Note that the projection tensor P = g8 + 3938 /\/—i2 of Eq. , when parallel propagated from
x® to z#, would result in the projector P*¥ + D& u” 4 [u¥ DEY], where PHY = gh¥ + u#u”. The contribution
to the EoM from the bracketed term in this projector is cancelled off with the contribution from the
(D€ - D?¢)uM term in the worldline acceleration a® from Eq. , when the latter is order-reduced [and

similarly for the EoM (2.10.26))].
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CHAPTER 3

FIRST-POST-NEWTONIAN QUADRUPOLE
TIDAL INTERACTIONS IN BINARY SYSTEMS

This chapter treats orbital-tidal coupling in a binary stellar system to first-post-Newtonian order.
We derive the orbital equations of motion for bodies with spins and mass quadrupole moments and
show that they conserve the total linear momentum of the binary. We note that spin-orbit coupling
must be included in a 1PN treatment of tidal interactions in order to maintain consistency; inclusion
of 1PN quadrupolar tidal effects while omitting spin effects would lead to a failure of momentum
conservation for generic evolution of the quadrupoles. We use momentum conservation to specialize
our analysis to the system’s center-of-mass-energy frame; we find the binary’s relative equation of
motion in this frame and also present a generalized Lagrangian from which it can be derived. We
then specialize to the case in which the quadrupole moment is adiabatically induced by the tidal
field (in which case it is consistent to ignore spin effects). We show how the adiabatic dynamics
for the quadrupole can be incorporated into our action principle and present the simplified orbital
equations of motion and conserved energy for the adiabatic case. These results are relevant to the

gravitational wave signal of inspiralling binary neutron stars.

3.1 Introduction and summary

I Background and motivation

Inspiralling and coalescing compact binaries present one of the most promising sources for ground-
based gravitational wave (GW) detectors [87]. A primary goal in the measurement of GW signals

from neutron star-neutron star (NSNS) and black hole-neutron star (BHNS) binaries is to probe
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the neutron star matter equation of state (EoS), which is currently only loosely constrained by
electromagnetic observations in the relevant density range p ~ 2-8x10'* g/cm?® [14]. The EoS will
leave its imprint on the GW signal via the effects of tidal coupling, as the neutron star is distorted by
the non-uniform field of its companion. Many recent studies of the effects of the neutron star EoS on
binary GW signals have been based on numerical simulations of the fully relativistic hydrodynamical
evolution of NSNS and BHNS binaries (see e.g. the reviews [19, 20]). These simulations have
largely focused on the binaries’ last few orbits and merger, at GW frequencies 22500 Hz, and have
investigated constraining neutron star structure via (for example) the GW energy spectrum [8§],
effective cutoff frequencies at merger [89], and tidal disruption signals [90].

As recently investigated by Flanagan and Hinderer [91], neutron star internal structure may also
have a measurable influence on the GW signal from the earlier inspiral stage of a binary’s orbital
evolution, at GW frequencies <500 Hz. While tidal coupling will produce only a small perturbation
to the GW signal in this low-frequency adiabatic regime, the tidal signal should be relatively clean,
depending (at leading order) on a single parameter pertaining to the neutron star structure. This
tidal deformability parameter A is the proportionality constant between the applied tidal field and
the star’s induced quadrupole moment and is sensitive to the neutron star EoS. The measurement
scheme proposed in Ref. [91] is based on an analytical model for the tidal contribution to the GW
signal, giving a linear perturbation to the GW phase proportional to . At GW frequencies <400
Hz, the model should be sufficiently accurate to constrain A to ~10%, with the largest source of
error being first-post-Newtonian (1PN) corrections to the tidal-orbital coupling [91) 35]. Recent
work in Ref. [92] suggests that the the effective one body (EOB) formalism (discussed further below)
can be used to extend the description of the GW phasing up to merger, allowing Advanced LIGO
to detect and measure tidal polarizations of neutron stars.

The modeling of tidal effects in GW signals from neutron star binaries can be divided into three
separate problems: (i) to calculate the deformation response of each neutron star to the tidal field
generated by its companion, (ii) to calculate the influence of the tidal deformations on the system’s
(conservative) orbital dynamics, and (iii) to calculate the gravitational waveform emitted by the
system and incorporate the corresponding radiation reaction effects in the orbital dynamics. While
this paper is focused on solving problem (ii) to 1PN accuracy, we will briefly mention work on each

of these problems.
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Tidal Deformability Computations: While computing tidal deformations of stars is a well studied
problem in Newtonian gravity [93], it has recently been re-examined in the context of fully relativistic
stars by Hinderer et al. [34] [35], Damour and Nagar [37], and Binnington and Poisson [36]. These
authors used fully relativistic models for the star’s interior, with various candidate equations of state,
to calculate the perturbations to the star’s equilibrium configuration produced by a static external
tidal field. In Refs. [34] B5], the results were used to determine the (electric-type) quadrupolar tidal
deformability A, while Refs. [37], B6] corrected computational errors in Ref. [35] and extended the
analysis and included all higher-multipolar electric-type response coefficients (for the mass multipole
moments) as well as their magnetic-type analogues (for the current multipole moments). While
these results concern a star’s response to a static tidal field, they are still applicable for inspiralling
binaries at sufficiently low orbital frequencies; a star will approximately maintain equilibrium with
the instantaneous tidal field if the field changes adiabatically.

Orbital-tidal conservative dynamics: In their treatment of tidal effects in binary GW signals
in Ref. [91], Flanagan and Hinderer used Newtonian gravity to treat (the conservative part of)
the system’s orbital dynamics; they estimated that 1PN corrections to the orbits would modify
the calculated tidal signal by ~10%. A general formalism for calculating 1PN corrections to the
orbital dynamics of extended bodies has been developed in a series of papers [29, 33| 47, 48] by
Damour, Soffel, and Xu (DSX) and later extended by Racine and Flanagan [31]. In this paper,
we apply that formalism to determine and analyze the explicit 1PN translational equations of
motion for binary systems with quadrupolar tidal interactions. While such equations of motion
have previously been presented in Refs. [50] 51], we find that those results differ from ours. We also
extend previous results by analyzing 1PN momentum conservation for the binary system (which
serves as a strong consistency check for our equations of motion, and one not satisfied by the results
of Refs. [50, [51]), by specializing the equations of motion to the system’s center-of-mass-energy
frame, and by formulating an action principle for the orbital dynamics.

Tidal effects in the conservative dynamics to 1PN order have also been investigated recently by
Damour and Nagar (DN) [94] who considered circular orbits, and (since the first appearance of this
work) by Bini, Damour and Faye (BDF) [52], who considered generic orbits and have in fact carried
the analysis to 2PN order. These works incorporate their results into an EOB description of the

dynamics. In Appendix we demonstrate that our results agree with those of DN and with (the
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1PN restriction of) those of BDF.

Gravitational Wave Emission: To calculate the emitted GW signal and radiation reaction effects,
Flanagan and Hinderer [91] used the quadrupole radiation approximation and associated 2.5PN
radiation reaction forces. To consistently generalize their calculation in Ref. [91] to (relative) 1PN
order, it is necessary to compute the 3.5PN corrections to the GW generation, in addition to the
1PN orbital corrections considered in this paper. These calculations have been carried out by Vines,
Hinderer and Flanagan in Ref. [95], which builds off of the work presented here. The issue of tidal
effects in inspiral-stage NSNS binary GW signals has also been recently addressed by means of
numerical relativity simulations in Refs. [15] [96].

We now turn to a more detailed overview of the problem of the conservative orbital-tidal dynamics,

at Newtonian order in Sec. [3.1.I and at 1PN order in Sec. before summarizing the results of
this paper in Sec.

II Newtonian tidal coupling

Gravitational tidal coupling arises from the interaction of the non-spherical components of a body’s
matter distribution with a non-uniform gravitational field. The non-sphericity is characterized at

leading order by the body’s mass quadrupole moment,
ij 3 Cici o Lo
Q](t):/d:cp(:v B L5, (3.1.1)

with p(t,x) being the mass density and z°(t) = z* — 2%(¢) being the displacement from the body’s
center of mass position #° = z¢(t). The quadrupole is (at most) on the order of Q¥ ~ M R?, with M
being the body’s mass and R its radius. Higher-order deformations are described by the octupole,
Q1k ~ i Pz pz'zlz* ~ MR3, and higher-order multipole moments. The non-uniform field can
be characterized by derivatives of an external Newtonian potential ¢ext(t,%); in a binary system,
the leading-order potential is ¢exy = —GM/r, where G is Newton’s constant, M is the mass of the
companion, and r the distance between the body and its companion.

The non-uniform field of the companion produces tidal forces on the non-spherical body (in
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addition to the usual 1/r? force) according to

1 1.
Mz = - <M di + inkaijk + EQ]klaijkl + .. ) Pext
Mo 1QY| | QM
~ GM |:’r’2 + T’4 + 7"5 + .o
GM? R? R3

where M is the mass of the body or its companion, assumed here to be roughly equal, and the
derivatives of the external potential are evaluated at the body’s center of mass, #* = z¢(t). The
contributions to the net force from the quadrupole and higher-order multipoles are thus seen to
take the form of an expansion in R/r, the ratio of the size of the body to the orbital separation.
When this finite-size parameter is small, as in the early stages of binary inspiral, the tidal force is
well approximated by the quadrupolar term alone. A more detailed account of Newtonian tidal
forces and related results is given in Sec. below.

In neutron star binaries, a quadrupole is induced by differential forces resulting from the non-
uniform field of the companion. In the adiabatic limit, when the response time scale of the body is
much less than the time scale on which the tidal field changes, the induced quadrupole will be given

(to linear order in the tidal field) by
sz(t) = _A8i6j¢ext(t7z)7 (313)

with the constant A being the tidal deformability. This is related to the more often used dimensionless
Love number kg by A = 2koR?/3G, where R is the body’s radius [93].

Using Newtonian gravity to describe the orbital dynamics and the adiabatic approximation to
model the stars’ induced quadrupoles, Flanagan and Hinderer [91] calculated the effect of tidal
interactions on the phase of the gravitational waveform emitted by an inspiralling neutron star
binary and analyzed the measurability of the tidal effects. They found that Advanced LIGO should
be able to constrain the neutron stars’ tidal deformability to A < (2.0 x 103" gcm?s?)(D /50 Mpc)
with 90% confidence, for a binary of two 1.4 Mg, neutron stars at a distance D from the detector,
using only the portion of the signal with GW frequencies less than 400 Hz. The calculations of X for
a 1.4 Mg neutron star in Refs. [34] [35] 37, B6], using several different equations of state, give values

in the range 0.03-1.0x10%" gcm? s2, so that nearby events may allow Advanced LIGO to place useful
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constraints on candidate equations of state. Reference [92] discusses how the EOB formalism can be
used to extend the range of validity of analytic waveforms up to merger, and argues that Advanced
LIGO should be able to detect and measure the tidal deformability of neutron stars.

Refs. [91], 35] estimate the fractional corrections to the tidal signal due to several effects neglected
by the model of the GW phasing used in Ref. [91], namely, non-adiabaticity (<1%), higher-multipolar
tidal coupling (<0.7%), nonlinear hydrodynamic effects (<0.1%), spin effects (<0.3%), nonlinear
response to the tidal field (<3%), viscous dissipation (negligible), and post-Newtonian effects (<10%).
The largest corrections, from post-Newtonian effects in the orbital dynamics and GW emission, will
depend on the neutron star physics only through the same tidal deformability parameter A used
in the Newtonian treatment and thus can be easily incorporated into the data analysis methods

outlined in Refs. [91] [35].

IIT First-post-Newtonian corrections

For inspiralling neutron star binaries with a total mass of ~3Mg at orbital frequencies of ~200
Hz (GW frequencies of ~400 Hz), the post-Newtonian expansion parameter v2/c?> ~ GM/c*r is
~0.1, so the 1PN approximation is well suited to describing relativistic corrections to the binary
orbit. As discussed in depth in Sec. below, the 1PN orbital dynamics of a binary system with
tidal coupling can be described by translational equations of motion (EoMs) similar in form to the
Newtonian equations schematically represented in Eq. , giving the center-of-mass acceleration
of each constituent body in terms of their positions and multipole moments. The 1PN equations of
motion add order 1/c? correction terms to which depend not only on the bodies’ positions
and mass multipole moments, M, Q¥, QY*, etc., but also on their velocities and current multipole
moments, S°, S¥ etc. Expanding in both the post-Newtonian parameter v?/c? and the finite size

parameter R/r, the 1PN equations of motion can be written schematically as

. M M M
Mz ~ GM{2+U+O<U)

2,2 A2
|Q”| Q” Q”k] R M
7‘4 + 2 ( = 7“2>
v| S| U|S”| v? R* M
+ 2,3 +0 < 24~ 3,22 (3.1.4)
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In the top line, the first term gives the usual point-particle (monopole) force of Newtonian gravity,
and the second term represents its 1PN corrections. The last term of the top line denotes 2PN and
higher post-Newtonian order corrections, which we neglect in this paper. Point-particle EoMs are in
fact currently known up through 3PN order [97].

In the second line of Eq. , we have first the Newtonian quadrupole-tidal term, followed
by its 1PN corrections (which are the subject of this paper), and finally contributions from the
octupole and higher mass multipoles (and their post-Newtonian corrections) which are suppressed
by higher powers of R/r and which we neglect in our analysis [31].

The first term in the bottom line represents the 1PN spin-orbit coupling [33], which will be
included in our analysis, and the final term of the bottom line denotes 1PN contributions from the
bodies’ current quadrupoles and higher current multipoles, which will not be included.

The DSX treatment of 1PN celestial mechanics [29] [33], 47, 48] provides a framework for calculating
the orbital EoMs for bodies with arbitrarily high-order mass and current multipole moments. In
Ref. [33], DSX applied their formalism to rederive the explicit 1PN EoMs for bodies with mass
monopoles and current dipoles (spins). The calculation was then extended to include the effects of
the bodies’ mass quadrupoles by Xu et al [50, 51]. Racine and Flanagan (RF) [31] later reworked the
DSX formalism and presented explicit 1PN EoMs for bodies with arbitrarily high-order multipoles,
which can be specialized to the case of bodies with only spins and mass quadrupoles. We have found,
however, that the final results of Xu et al and those of RF are in disagreement with each other and
with our recent calculations. Some typos and omissions leading to errors in RF have been identified
and are outlined in an upcoming erratum; the results given in this paper agree with the corrected
results of RF. In Sec. below, we review the essential ideas of the DSX formalism, following the
notations and conventions of RF, and we outline the full procedure by which our results for the
1PN EoMs are derived.

Though it would be convenient to be able to specialize to the case of non-spinning bodies when
studying tidal interactions, this would lead to inconsistencies at 1PN order when considering generic
behavior of the quadrupole moments. A body with a quadrupole in a tidal field will generically
experience tidal torques [according to Eq. below] which will spin up the body even if it started
with no spin; this is a Newtonian-order effect. The resultant spin affects the orbital dynamics via

the 1PN spin-orbit coupling. For this reason, if one were to work through the DSX formalism and
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simply drop all spin terms while keeping mass quadrupole terms, one would arrive at inconsistencies.
In particular, one would find that momentum is not conserved at 1PN order (see Sec. below).
However, for the special case of adiabatically induced quadrupoles, the tidal torques vanish, and it
is then consistent to ignore all spin terms.

The relation between the work of DN [94] and BDF [52] on the 1PN conservative orbital-tidal
dynamics and the results of this paper is described in the next subsection along with the summary
of our results, and in more detail in Appendix We also refer the reader to Refs. [92, 98] [40] 99,

100}, 10T, 102, 103, [104], 105] for other recent work on tidal effects in inspiralling binaries.

IV Summary of results
IV.a The M;-M;-S>-Q); system

Our results concern the 1PN gravitational interactions in a system of two bodies, which we label
“1” and “2”. We model body 1 as an effective point particle, with a mass monopole moment only,
while we take body 2 to have additionally a spin and a mass quadrupole moment. We consistently
work to linear order in the spin and quadrupole, and our results can thus be easily generalized to
the case of two spinning, deformable bodies by interchanging particle labels. We initially assume
nothing about the bodies’ internal structure or dynamics. Our primary assumption is the validity
of the 1PN approximation to general relativity in a vacuum region surrounding the bodies.

The system’s orbital dynamics can be formulated in terms of the bodies’ center-of-mass worldlines
2i(t) and z4(t) and their multipole moments: the mass monopoles M;(t) and Ma(t), the spin S5(¢),
and the mass quadrupole Qéj (t).

The worldlines 2 = 24 () and 2* = 2i(¢) parametrize the bodies’ positions to 1PN accuracy in a
(conformally Cartesian and harmonic) ’global’ coordinate system (¢, ), which tends to an inertial
coordinate system in Minkowski spacetime as |x| — oco. The global coordinates and center-of-mass
worldlines are defined more precisely in Sec. We use the following notation for the relative

position and velocity:

2= — 24 =z =\/0;2727, ni=ztr

v =2], vy =25 v =v,—v], r=0v'n"
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with dots denoting derivatives with respect to the global frame time coordinate t.
The multipole moments—Mj (t), Ma(t), S(t), and ng (t) for our truncated system—are defined

in Secs. [3.3.11 and [3.3.V] via a multipole expansion of the 1PN metric in a vacuum region surrounding

each body [31]. In the case of weakly self-gravitating bodies, these moments can be defined as
integrals of the stress-energy tensor over the volume of the bodies, as in Eqgs. ; these definitions
coincide with those of the Blanchet-Damour multipole moments introduced in Ref. [49] and used by
DSX [29] [33], 47, [48]. The mass multipole moments (like M7, My, and Qéj) are defined with 1PN
accuracy, while the current multipole moments (like S%) appear only in 1PN-order terms and thus
need only be defined with Newtonian accuracy. We will often denote the spin and quadrupole of

body 2 by S; and Q¥, dropping the “2” labels.

IV.b General equations of motion and orbital Lagrangian

The equations of motion for the monopoles Mj(t) and Ms(t), the spin S*(t), and the worldlines
2i(t) and z4(t) are determined by Einstein’s equations alone, while that for the quadrupole Q% (¢)
will depend on the details of body 2’s internal dynamics and can initially be left unspecified. The

mass monopole of body 1, the effective point particle, is found to be conserved to 1PN order:
M, = O(c™), (3.1.5)

while that of body 2 is not. As discussed in Sec. the 1PN-accurate mass monopole My can

be decomposed according to
My = "My +¢7? (EY* +3Uq) + O(c™). (3.1.6a)
Here, "M> is the Newtonian-order (rest mass) contribution, which is conserved:
"My = 0. (3.1.6b)

The 1PN contributions to (3.1.6a)) involve the Newtonian potential energy of the quadrupole-tidal

interaction,
3M;

Ug=—

and the Newtonian internal energy of body 2, Ei"*, whose evolution is governed by the rate at which

the tidal field does work on the body [106]:
3M4
273
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(cf. Sec.[3.2.VI)). Equations (3.1.6)) ensure that My satisfies the 1PN evolution equation (3.3.28}I3.3.29)).
The decomposition of the monopole M, in (3.1.6a)) is essential for properly formulating an action

principle for the orbital dynamics. The evolution of the spin S° is determined by the (Newtonian-

order) tidal torque formula:

i 3Mi ik ~ia . k -2
St = TTGJ Q’n*n" + O(c™7), (3.1.7)

as in (3.2.45)). Finally, the 1PN translational equations of motion, which govern the evolution of the

worldlines z¢ and 23, are of the form

Z7i = H(z]?U{7U%>M1>M2>S]>Q] , Q7% QY )’

Zy = ]:%(Z'],'U{,U%,Ml,MQ,S],Q] Q)

and are given explicitly by Eqgs. (3.3.33]).

In Sec. we define and calculate the 1PN-accurate mass dipole moment of the entire system
ngs(t), given in Eq. . We find that the condition Msiys = O(c™*), required by Einstein’s
equations and reflecting the conservation of the system’s total momentum, is satisfied as a consequence
of the orbital EoMs ; this serves as a non-trivial consistency check for our results. The
conservation of momentum also allows us to specialize the EoMs to the system’s center-of-mass(-
energy) (CoM) frame, which can be defined by the condition M = 0 as in Sec. m The two

EoMs for the worldlines z¢ and 2% can then be traded for the single EoM for the CoM-frame
relative position 2* = 2 — 2!, given in Eq. .

Our results can be most compactly summarized by giving a Lagrangian formulation of the
CoM-frame orbital dynamics, as discussed in Sec. (3.5.11)). We find that the CoM-frame orbital EoM

(3.5.9) can be derived from the generalized Euler-Lagrange equation

0 d 0 d> 0

4+ — | Lo =0, 3.1.8
<821 @i ov = dr aal) orb ( )

with a generalized Lagrangian Lq, given by
Eorb = ﬁM + £5’ + EQ, (319&)

with the monopole part,
2
po= pMpf1=3n 4 2 2 -4

- L - - = .1.9b
L 5 + . —1—62{ 3 + i< 4+ (3 +n)v . +0(c), (3.1.9b)



the spin part,

X1 cabe gag,b 2M c, X1 ¢ —4
Lg= 2¢ S [ 2 + 5 ] +O0(c ), (3.1.9¢)
and the quadrupole part,
3M;, M
Lo = 5 5Q"nn’+ { Q™ [ <A1v2 + Agi? +A3r> + Ay + Ag,?'%%ﬂ (3.1.9d)

M . M
+ —2Qab [Agnavb + A7rnn } + Eint [A8v2 + A9:| } +0(c™).
r r
We use here the notation

M = My + "My, x1=DM/M, x2="My/M,

p=M"My/M, 1n=x1x2=p/M,

with M being the total (conserved) Newtonian rest mass, p the reduced mass, and 7 the symmetric

mass ratio. The dimensionless coefficients A1—Ag appearing in (3.1.9d)) are functions only of the

mass ratios x; and xa given by (3.5.10€]).

IV.c Adiabatic approximation for the induced quadrupole

The above results concerning the orbital EoM and its Lagrangian formulation are valid regardless of
the internal structure of body 2, i.e. for arbitrary evolution of its quadrupole Q% (¢). In Sec. we
discuss a simple adiabatic model for the evolution of Q%. In the adiabatic limit, the (body-frame)

quadrupole responds to the instantaneous tidal field according to
QY (t) = \GY (1), (3.1.10)

where Géj (t), given by Eq. , is the (body-frame) quadrupolar gravito-electric tidal moment
of body 2, a 1PN generalization of the derivatives of the Newtonian potential in Eq. , and
A is the (constant) tidal deformability. With the quadrupole given by , the tidal torque
(3.1.7) vanishes (cf. Eq. ), so that the spin S is constant; thus, in the adiabatic limit, we
can specialize to the case S* = 0 without generating inconsistencies. In Sec. we show that the
adiabatic evolution for the quadrupole can be derived from a Lagrangian that adds to the
orbital Lagrangian an internal elastic potential energy term which is quadratic in the 1PN-accurate
quadrupole:

L= Loz, QY] — AQabcgab+c>((f4), (3.1.11)
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with Lo, given by Eq. (3.1.9) with S? = 0, and with Ei"* = (1/40)Q%®Q 4+ O(c~2). (Note that any
additional constant contribution to the internal energy EX* can be included as a 1PN contribution
to the constant "M» in Eq. ) Substituting the solution (3.1.10)) for Q% (¢) into this Lagrangian,

we obtain a simplified Lagrangian involving only the CoM-frame relative position z%(t):

| 2 M A
L[] = % + “7 (1 + T5> (3.1.12)

M A A M A
c T T r T T

with A = (3x1/2x2)A, and with the dimensionless coefficients

90:(1—377)/8, 91:(3—|—77)/2, 92:77/2, 93:—1/2,

G=0a/2)6+x2), &=-31-6x2+x3), & =—T+5xe (3.1.13)

This Lagrangian represents one of the primary results of this paper. Since the first appearance
of this work, an analogous Lagrangian (in a different gauge) has been derived by Bini, Damour
and Faye in Ref. [52], using effective action techniques. In fact, BDF have greatly extended the
analysis by carrying the calculation to 2PN order. Also (prior to this work), Damour and Nagar [94]
presented a 1PN Hamiltonian valid for circular orbits. These works both incorporate their results
into the EOB formalism. In Appendix [3.8] we demonstrate the complete equivalence of those results
with ours at 1PN order.

The orbital EoM resulting from the Lagrangian , which can also be found by substituting
the adiabatic solution (3.1.10)) for Q¥(¢) directly into the general orbital EoM , is given

by Eq. (3.6.10). The conserved energy FE(z,v) derived from the Lagrangian (3.1.12]) is given by
Eq. (3.6.13). In the case of circular orbits, we find the gauge-invariant energy-frequency relationship

1 9y Awi03 (9 Mw)?/3 11 Aw?

_ 2/3 91
Bw) = p(Mw) 2 " oxe MO/ 24 2 Axo

(3.1.14)

This result, along with others from this paper, are used in calculating the phasing of GW signals

from inspiralling neutron star binaries in Ref. [95].

V Notation and Conventions

We use units where Newton’s constant is G = 1, but retain factors of the speed of light ¢, with 1/c?

serving as the formal expansion parameter for the post-Newtonian expansion. We use lowercase Latin
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letters a, b, i, j,... for indices of (three-dimensional) spatial tensors. Spatial indices are contracted
with the Euclidean metric, v'w® = 5ijviwj, with up or down placement of the indices having no
meaning. We use uppercase Latin letters to denote multi-indices: L denotes the [ indices ajas . . . a,
K denotes the k indices bibs . .. by, etc. For a given vector v* or for the partial derivative operator
0;, we use multi-indices or explicit sequences of indices to denote their tensorial powers:

L ajas...a;

vYo= v o

ai, a2 v
s

=0
Ok = Obby..by, = O Oby - - - Oy (3.1.15)

2 = ¢¥ and V2 = 9;;. Multi-indices are also used for sets

and, for example, v = viv. We also use v
of distinct tensors of varying rank, {M, M® M ...} with M’ = M®92% denoting the tensor of
rank [. We use the Einstein summation convention for both individual indices and multi-indices.

Derivatives with respect to a time coordinate t are denoted by d; or by overdots.

We use angular brackets to denote the symmetric, trace-free (STF) projection of tensors [29]:
T<ab> _ T(ab) _ ldachc
3 9
T<abc> — T(abc) _ §5(ach)dd (3116)
5 )

and so on, with parentheses denoting the symmetric projection. For a STF tensor S* = S<I> and

general tensor T'F, note that SLTE = SLT<E>,

3.2 Newtonian tidal interactions

In this section, we review the standard treatment of tidal coupling in Newtonian theory [93]; the
first-post-Newtonian treatment given subsequent sections makes extensive use of these Newtonian-
order results. We define the multipole moments and tidal moments of an extended object and use
them to derive the orbital (or translational) equations of motion for systems of gravitating bodies.
We consider in particular the case of a binary system containing a point particle (body 1) and an
extended deformable star (body 2), working to quadrupolar order in the star’s multipole series. We
also discuss an action principle formulation of the orbital dynamics, the process of energy transfer
between the gravitational field and the deformable body, and the evolution of the body’s spin due
to tidal torques. Finally, we discuss the evolution of the body’s tidally induced quadrupole moment

in the adiabatic limit.
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I Field equations

In Newtonian physics, the scalar potential ¢(t,x) obeys the Poisson equation,
V3¢ = 4mp, (3.2.1)

with p(t,x) being the rest mass density of matter. The influence of the gravitational field on matter
is described by the test particle acceleration #' = —0;¢, or more generally, by Euler’s equation

supplemented by the continuity equation (the conservation of mass),
A(pv") + 9;(pv'v? + t9) = —pd; b, (3.2.2)

P+ 0i(pv') =0, (3.2.3)

with v?(t,x) being the matter’s velocity field, and ¥ (¢,x) the material stress tensor. Together,
Eqgs. provide a complete description of Newtonian gravitational interactions. However,
they do not in general form a closed set of evolution equations for the fields ¢, p, v*, and t¥/; one
needs also to specify the matter’s internal dynamics, in particular concerning the stress tensor Z;;.
(In the simplest cases, one can fix t by an algebraic equation, like t = 0 for ‘dust’ or t¥ = p§*/
with p(p) being the pressure for an isentropic perfect fluid.) Still, one can derive many useful results,
like the form of the translational equations of motion for a system of gravitating bodies, while

leaving the matter’s internal dynamics unspecified.

II Multipole moments

We consider N isolated celestial bodies, i.e. regions of space containing matter (p # 0) surrounded
by regions of vacuum (p = 0), and label the bodies by an index A, with 1 < A < N. The potential
int

that is locally generated by body A, which we will call the internal potential ¢'}*, is given by the

standard solution to (3.2.1) as an integral over the volume of the body:

G (t, %) = — / PREIGEY) (3.2.4)

A x —x/|
We can express this potential as a multipole series around a (moving) point % = 2% (¢) by using the

Taylor series

SR Y
LT o 1 (3.2.5)

|x—x’|_l:0 il |x —zal’
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where L = ajas . .. a; is a spatial multi-index, denoting here tensorial powers of the vector (2’ — z4)"

and of the operator 0; (cf. Eq. (3.1.15)). Using the Taylor series (3.2.5)) in (3.2.4]) allows us to write

the internal potential, for points z? exterior to the body, in the form

o0

s = -y S arko, (3.20)
ALD 1l A x —z4(t)] -
with
M%) = /A B p(t,x) [z — 22(8)] 2. (3.2.7)

The quantities M% are the mass multipole moments of the body about the worldline 2% (¢). They
are symmetric, trace-free spatial tensors of varying order [, M le = M3'*>%. The STF property
follows from the fact that dy|x|~! is an STF tensor, because partial derivatives commute, and
because 0;;|x|™! = V2|x|~! = 0. As the multipole moments M% are contracted with the STF
tensors O |x — zA]*I in , only their STF parts will contribute to the potential ¢if“t; this is
why the STF projection (denoted by angular brackets) has been included in the definition of the
multipole moments in ((3.2.7]).

The leading-order terms in the multipole series (3.2.6) can be written more explicitly as

: My 1 1
mt:_i_f v i — 2
QbA ‘)—( 2 A~ |)—(| + (3 8)
with
My = /d3x P, (3.2.9a)
A
0=My = 3z p 7, (3.2.9b)
A
Qi=M7 = / a3z p (x’xj - 3|>‘<\26”> : (3.2.9¢)
A

and ° = 2 — zi‘. First is the monopole term (I = 0), generated by the total mass of the body M4
(3.2.9a)), and giving rise to a Coulomb-type potential in (3.2.8). We have omitted the dipole term
(I =1) in (3.2.8) because M can always be made to vanish by choosing the point 2% (t) about

which the multipole expansion is centered to be fixed to the body’s center of mass position:

. 1 .
24(t) = TR /d3x p(t,x) a*, (3.2.10)

which is equivalent to ((3.2.9b)). Next comes the [ = 2 term involving the body’s mass quadrupole

tensor QZ (t) l) which we have renamed Mi{ — Qi{ to accord with common convention. The
103



higher-order terms in the multipole series are suppressed by increasing powers of the finite size
parameter R/|x|, where R is the size of the body and |x| is a typical separation.

We note that the continuity equation implies the constancy of the body’s total mass,
My =0. Similarly, the Euler equation and the vanishing of the mass dipole 1} determine
the translational equation of motion for the body’s worldline z 4(t), as discussed in Sec. below.
Equations and do not, however, fully determine the evolution of the quadrupole and

higher multipoles, which will depend on the body’s internal dynamics.

IIT Tidal moments

Having described the potential generated by an isolated body with its multipole moments, we can
similarly describe the potential felt by the body with tidal moments. Given a collection of several
bodies indexed by B, each giving rise its own intrinsic potential of the form (3.2.6)), we define the

external potential felt by a given body A to be the sum of the potentials due to all the other bodies:

oqt = o (3.2.11)

B#£A
The body’s tidal moment Gé 4(t) are then defined as coefficients in the Taylor expansion of the

external potential about the center-of-mass position zil:
(o] 1
ext L
- [z —za(t)]", 3.2.12
O }_Oj ; no) (32.12)

Gralt) = = o5 (4%, ) - (3.2.13)

Like the multipole moments, the tidal moments are STF tensors, Gg A= Gg<Q>, as can be seen

from the definition (3.2.13|) and the fact that V%ﬁfj‘t = ( everywhere outside the bodies B # A. We
see that Gy 4 is simply (minus) the potential at the body’s center, and G* ¢4 is the would-be test
particle acceleration —9;¢%*. For [ > 2, the Gé 4 are higher-order derivatives of the potential that

will give rise to tidal forces on a non-spherical body.

! The subscript g, standing for ‘global,” has been included here to avoid confusion with tidal moments
introduced in our post-Newtonian treatment below. We introduce there a set of body-frame tidal moments
Gf‘, defined in an accelerated reference frame attached to the body, and a set of global-frame tidal moments
GEL;, 4, defined in an (asymptotically) inertial frame. The tidal moments defined in coincide with the
latter at Newtonian order. While we have chosen to work exclusively in an inertial frame in our Newtonian
treatment here, an analogous Newtonian treatment that uses accelerated frames can be found in Sec. IIT of
Ref. [33].
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The tidal moments of a body A can be expressed in terms of the multipole moments of the other

bodies B # A by combining (3.2.6)), (3.2.11)), and (3.2.13|), with the result

Gea = — Y oudf(t,

x z A (t)
B;éA
1
= ZZ Koy) ——. (3.2.14)
B#A k=0 zp)|

where 81-(‘4) = 0/0z, and Ok, = Op, - .. 0, Oay - - - Oay-

IV Translational equations of motion

A primary advantage of the language of multipole and tidal moments is that it allows one to take
the PDEs governing the evolution of the fields p, v¢, t¥, and ¢ and extract from them
ODE:s for the center-of-mass worldlines 2% (t) of a collection of gravitating bodies. To this end, we
consider a body A with multipole moments M j defined by , in the presence of an external
potential ¢4 generated by other bodies B # A according to and . The body’s
translational EoM can be found by applying two time derivatives to the definition of zf4 in ,
using the Euler and continuity equations and , and integrating by parts. The result is

an expression for the body’s center-of-mass acceleration,

M3y = —/d x p 0;0%", (3.2.15)

which can be rewritten in terms of the body’s multipole and tidal moments by using (3.2.12)) and
B2

oo
: 1
My3y = ZT (3.2.16)
=0
= MAG;A“‘iQ{qk Gk 1.

The first term in the second line represents the force that would act on a freely falling test mass
M 4, while the second term gives the leading-order tidal force.

To render the EoM fully explicit, one can use the expressions for the tidal moments
(3.2.14]) in terms of the multipole moments and worldlines of the other bodies. Considering the

case of a two-body system A = 1,2, with body 1 having only a monopole moment M;, and body 2
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having a monopole Ms and a quadrupole Q% = éj , we find the following EoMs:

i m__ 1 1o oikam_ 1
Mlzl = M1M26i ‘Zl —ZQ‘ + 2M1Q aijk‘zl —ZQ‘
G _ @_ 1 Lojkng 9@ 1
MQZ% = MQMlai m -+ iQJ Mlaljkm

Defining the radius and unit vector associated with the relative position,

A=z =2 r=|z|, n'=zr (3.2.17)
and using the general identity,
1 } n<L>
these EoMs can be written as
M# = —My3
My M 15M; . o
- ;2 2 i T;Qﬂfn@’“> (3.2.19)

In this form, it is evident that the total momentum p* = Mlé{ + Mgz‘; is conserved, and that these

two EoMs for 2! and z% can be traded for the EoM of the relative position 2t = 2% — 2¢:
1 2 p 2 1

} M . 15M ., _..
g o= gt — Qs (3.2.20)
r 2T
M . M . g g
= ——n'— 2]?:4 4Q3k(5n”k — 26%nk)
r or

where M = My + Ms is the total mass. In the second line, we have used Eq. to expand
n<¥*> and the fact that Q7% is STF.

With Eq. , we have reduced the description of the binary system’s translational dynamics
to a single ODE. Still, we can only solve this ODE if we know the time evolution of the quadrupole

moment Q% (t), which requires a detailed model of body 2’s interior. We will describe a simple

adiabatic model for Q¥ in Sec. [3.2.VII| below.

V Action principle

As for any Newtonian system, a Lagrangian for a collection of gravitating bodies can be constructed

from £ =T — U, with T being the kinetic energy and U the potential energy. The total kinetic
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energy receives separate contributions from each body, T' =" 4, T4, and each T4 can be split into a

contribution from the center-of-mass motion of the body and an internal contribution:

1 1 .
Ty = / Bxpv® = - Ma4 + T, (3.2.21)
2 /4 2
, 1
Tt = 2/ Bxp (v—24)% (3.2.22)
A

Here, we have used the fact that [ A dBrpvt =M Aéfq, implied by the continuity equation 1)
and the definition of the center-of-mass position zf4 in (3.2.10). The gravitational potential energy

U =), Uy can be similarly split into external and internal parts:

1 .
Uy = 2/ Brpd=U$ + UL, (3.2.23)
A
. 1 )
Uupt = / &’z p ¢4, (3.2.24)
2Ja
ext 1 3 ext 1 > 1 L ~L
UA = 5 Ad $p¢A :*§ZﬁMAGg7A. (3225)
=0 "

In the last line, we have used (3.2.12)) to express ¢ in terms of the tidal moments and for
the definition of the multipole moments.

While the system’s total potential energy will also receive non-gravitational contributions from
the internal structure of each body, we can lump these contributions, along with T j‘nt and Ui{lt

as defined above, into an internal Lagrangian Ei}‘“ for each body. We can then write the total

Lagrangian for an N-body system as
1 1 1
_2 : ) Z L AL int
£— ~ (2MAZA+2Z_0 Z'MAGg,A+£A> (3226)

The bodies’ center-of-mass worldlines z% (t) enter this Lagrangian through the translational kinetic
energy terms and through the external gravitational potential energy terms (via the tidal moments);
the internal Lagrangians 51}1‘2 however, are independent of the worldlines 2%, by construction. The
L1 will be functions of some set of internal configuration variables ¢4 (and their time derivatives)
for each body, which will include e.g. Euler angles for the orientation of the body, vibrational
mode amplitudes, etc., depending on the model of the body’s internal structure. (In full generality,
the proper internal configuration variables ¢4 are the fields p, v* and tY, subject to as a

constraint.) The bodies’ multipole moments M j, for [ > 2, appearing in the gravitational potential

energy terms in (3.2.26)), will be functions of these same internal variables ¢%. Together, the zi‘ and
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¢4, for all bodies A, form a complete set of dynamical variables for the N-body system. Varying
the action S = [ £ dt with respect to the worldlines zf4 reproduces the translational EoMs (|3.2.16]).
Determining the evolution of the variables ¢4, and hence the moments M j for [ > 2, will require a

model for £%%(¢%, %) and M%(q%).

Specializing to the two-body Mi-Ms-Q2 case and using (3.2.14]), (3.2.17), and (3.2.18)), the
Lagrangian (|3.2.26]) becomes

My M
r

1 1 .
L= §Mlz% + §M22§ + —Uqg + LY. (3.2.27)

where Ug is the potential energy of the quadrupole-tidal interaction:

1 .. . g 3M g
Ug=—5Q7C.  Ghy="gn ™. (3.2.28)

(We have omitted the internal Lagrangian for body 1 as it is completely decoupled from the rest of
the system.) Varying this action with respect to z¢ and z4 leads to their EoMs found in (3.2.19)).
Alternately, varying with respect to their separation 2z = 2z — 2% gives the relative EoM ,
while the system’s center of mass (M2} + Ms23) /M is found to be cyclic. Specializing the Lagrangian

(3.2.27) to the center-of-mass frame, where M;zi + Mz = 0, gives

52 M :
L= L; 4B Ug + L5, (3.2.29)
T

with u = M1 Ms/M being the reduced mass.
While leaving the functions £*(¢%, ¢5) and Q¥ (¢%") unspecified, we can still use the Lagrangian

(3.2.27)) to write down EoMs for body 2’s internal configuration variables ¢

d oLy Lyt 1, 0Q7

1
dt 945 — Og5 2 % dgs

(3.2.30)

which will be useful in the next subsection.

V1 Energy

Continuing to specialize to the two-body Mi-Ms-Q2 case, we can construct a conserved energy for

the system from
oL .., oL ., OL

E=T+U= - 3% 2+ ——¢5 — L, 3.2.31
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with summation over « implied. Using the (CoM-frame) Lagrangian ([3.2.29)), we find

2 UM
E= % - “— +Ug + B, (3.2.32)

where Ug is given by (3.2.28]), and the internal energy of body 2 is given by

aﬁmt

B i) =

— it (3.2.33)

This internal energy will generally have several contributions: internal gravitational potential energy,
rotational kinetic energy, vibrational kinetic and potential energy, thermal energy, etc. Nonetheless,
the rate at which energy is exchanged between the interior of body 2 and its surroundings, via
the gravitational tidal interaction, is a function only of the orbital separation, Mj, and Q.

Differentiating (3.2.33)) with respect to time and using the EoM (|3.2.30) for the internal variables

g5, we find
int d 8£i2nt a[’iQHt Ql]
E = q2 N 8% - o g7
dt 045 0q5 2 3q
M
= 2,00 = 2 (3:2.34)

The energy transfer described by (3.2.34)) is often referred to as tidal heating (see e.g. [I07]). This
expression for the power delivered to the body is valid (in the quadrupolar approximation) regardless
of the body’s internal dynamics. Using (3.2.34)) and the orbital EoM (3.2.20]), one can confirm that

the binary system’s total energy (3.2.32)) is conserved.

VII Adiabatic approximation

While we have thus far left unspecified the internal dynamics for the deformable body 2, which
determines the evolution of the quadrupole, we now specialize our analysis to the case where Q% ()
is adiabatically induced by the tidal field. This will lead to a closed system of evolution equations
for the binary. In the adiabatic limit, when the body’s internal dynamical time scales are much less

than the orbital period, the quadrupole will respond to the instantaneous tidal field according to
QY (t) = AGY, (1), (3.2.35)

where A is the tidal deformability, and G‘g‘f’Q(t) is the tidal tensor given in Eq. (3.2.28). As discussed
in Sec. [3.1.11| and in more detail in Refs. [91], 35], the relation (3.2.35)) should be valid to ~ 1% for

neutron star binaries at GW frequencies <400 Hz.
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The adiabatic evolution of the quadrupole can be incorporated into our action principle ([3.2.29))
by taking Q¥ (t) to be our lone internal configuration variable (¢&), and by taking the internal

Lagrangian EiQHt to contain a simple quadratic potential energy cost for the quadrupole:

S 52 M .
Ll Q1) = %JFL—UQJFDZ“ (3.2.36)
T
52
_ & % 1 ab abii abab
= 3t +50e2@ 4,\Q @

Varying the action with respect to the orbital separation z° still gives the orbital EoM (3.2.20)), and

varying with respect to the quadrupole Q% reproduces the adiabatic evolution equation ((3.2.35)).
Using Eq. (3.2.35) to replace Q¥ and Eq. ([3.2.28)) for Ggf’Q, the Lagrangian can can written solely in

terms of z* as

22
o 2 uM 3AM;
L) ="—+"— 14+ ——]. 3.2.37
Fl=5 s ( TR (3:2:37)
This Lagrangian leads to the orbital EoM (3.2.20) with Q¥ replaced by its adiabatic value ([3.2.35)),
‘ Mn? 9AM;
P=— 1 3.2.38
¢ = ( * r5M2> ’ (3.2.38)

which shows that the tidal coupling results in an attractive force. For circular orbits, with

a' = —rw?n’, we find the radius-frequency relationship
M1/3 3AM- w10 /3
rw)=—=[1- OALAW ) (3.2.39)
w2/3 Moy M?5/3
to linear order in the tidal deformability A.
The internal energy Ei" (3.2.33), in the adiabatic approximation, is given by
- 1
By = ﬁQabQ‘“’, (3.2.40)

up to a constant, and satisfies the tidal heating equation (3.2.34)) by virtue of Eq. (3.2.35). (We

should note that there is actually no ‘heating’ taking place here, as this model neglects dissipative
effects and is completely conservative.) Using Eq. (3.2.35)), the binary system’s total energy F

(13.2.32)) can be written as

22
uz uM 3AM,
E="—-—|(1+ 3.2.41

2 r ( 2r9My ) ( )

in the adiabatic model, and is conserved by the orbital EoM (3.2.38)). Then, using 32 = r2w? and

Eq. (3.2.39), we find

(3.2.42)

10/3
B(w) = —%(Mw)z/i” (1 _ 9)‘le> 7

M, M5/3
for the circular-orbit energy-frequency relationship.
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VIII Spin

In anticipation of the 1PN treatment of the binary’s orbital dynamics, in which a body’s angular
momentum (or spin) has a direct influence on the orbit, it will be useful to discuss the evolution of
an extended body’s spin at Newtonian order. The spin of a body A about its CoM worldline zf4 is

defined by

S4(t) = eabc/dgsc p(t,x) {xb - zﬁl(t)} ve(t,x), (3.2.43)
with p being the mass density and v¢ the velocity field. Taking a time derivative of this equation,

using the Euler and continuity equations 1) and 1' and the definition of zf4 in (3.2.10), and

integrating by parts, we find

85 =~ [Prpa - ) a0y
21
= ey —MiG,. (3.2.44)

Il
1=0

In the second line, we have used the definitions of M j and Gé 4 in and . This formula
gives the torque on the body due to tidal forces. As it is not directly relevant to our purposes, we
will not discuss a Lagrangian formulation of the Newtonian rotational dynamics.
Applying Eq. to the My-M>-Q)9 system, we find that the tidal torque on body 2 is given
by
5§ = e QMG (3.2.45)

with the tidal tensor Gg’é given by (3.2.28)). Eq. (3.2.45)) is valid (in the quadrupolar approximation)

regardless of the internal dynamics of body 2. In the special case of an adiabatically induced

quadrupole, as in Eq. (3.2.35)), we find
S = A" GYLGYY =0, (3.2.46)

so that the spin is conserved.
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3.3 Post-Newtonian tidal interactions

I Overview

The Newtonian theory of gravity arises as a limiting case of general relativity (GR). In the limit of

small source velocities and weak gravity, the spacetime metric of GR takes the form
2 A .
ds? = — (1 + f) Adt? + 6V dxtdr? + O(c™?), (3.3.1)
c

with ¢(t,x) being the Newtonian potential. This expression represents a perturbation expansion of
the theory with 1/¢? playing the role of a formal expansion parameter. At leading order in 1/c?,
Einstein’s equation and covariant stress-energy conservation for the metric reproduce the
Poisson, Euler, and continuity equations —the basic equations of Newtonian gravity.
The first post-Newtonian (1PN) approximation to GR continues this perturbation expansion to

next-to-leading order in 1/c2. The 1PN metric can be written as

20 2 2" ;
ds® = - [1 + —f + (0% + w)] Fdt?* + %dt da’
C Cc C

+ <1 - 2?) §9dxtdx? + O(c™?), (3.3.2)
C

(cf. Weinberg [41]), with two new degrees of freedom appearing: a 1PN (three-)vector potential
Ci(t,x) (often called the gravito-magnetic potential), and a 1PN scalar potential ¢ (¢, x). Following
Refs. [49, 29] (apart from a change of sign) we shall work with the single scalar potential single
scalar potential ®(¢,x) which has ¢ and ¢ as its Newtonian- and 1PN-order parts (and hence a

hidden c-dependence),

O=¢+c 2+ 0(c?), (3.3.3)
so that the metric can be written as
20 292 2(" :
ds®> = — [1 +—+ 4] Adt? + édt dz’
c c c
26\ .. . .
+ (1 — 2) oYdztdxr? + 0(074). (3.3.4)
c

We choose to work here in conformally Cartesian coordinates (see e.g. [29]), which is already

implicit in the form (3.3.4)) of the metric, and to adopt the harmonic gauge condition:

Ou(v/—gg"™) =0 < 4d+9,('=0(c7?). (3.3.5)
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In this gauge, one finds that Einstein’s equation for the metric, at next-to-leading order in 1/c?, is

equivalent to the following linear field equations for the potentials:

V2 = AnTt 42 (47TTii + <'1'>) +O(e), (3.3.6a)

Vi = 167T" 4 O(c™?), (3.3.6b)

where TH are the contravariant components of the stress-energy tensor in the (¢,2%) coordinate
system. Note that the 7% component must include both O(c?) Newtonian and O(c™2) post-
Newtonian contributions, while the components T and T% and the quantity ® are needed only
to Newtonian order. The influence of the gravitational field on matter is governed by covariant
stress-energy conservation: V,T"” = 0; the 1PN-expanded form of this equation can be found in
Appendix D of RF [31].

In the remainder of this section, we review the treatment of tidal interactions within this first-
post-Newtonian framework. We employ a formalism, originally developed by DSX [29] [33] and later
expounded upon by RF [31], that uses multiple coordinate systems to describe the global motion
and local structure of extended bodies. We attempt to present here the primary ingredients and
broad logical flow of this formalism, which are essential for properly interpreting the results stated
in Sec. B.I.IV] above.

We begin in Sec. by presenting a general solution to the 1PN-order Einstein equations
which gives the spacetime metric in a vacuum region surrounding an astronomical body
A. The solution is parametrized by and defines the body’s multipole moments and tidal
moments. The mass and current multipole moments M ﬁ and S .51 characterize the body’s internal
structure, and the gravito-electric and -magnetic tidal moments Gf‘ and H ﬁ characterize the external
gravitational fields felt by the body.

In Sec. [3:3.11T we discuss the gauge freedom in the 1PN metric, summarized by the parametrization
of a general 1PN coordinate transformation in Eq. . In 1PN celestial mechanics, it is
advantageous to use and transform between two types of coordinate systems: global coordinates
(t,x") used to describe the motion of multiple bodies, and body-adapted coordinates (s4,v") used
in the local description of a given body A. We discuss how to fix all 1PN coordinate freedom
in the body-adapted coordinates (s4, yf4) by enforcing the body-frame gauge conditions .

The body-frame multipole moments M%(s4) and S%(s?4)—the moments defined by the multipole
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expansions in Sec. using the body-adapted coordinates—then become unique and meaningful
descriptors of a body’s internal structure.

In Sec. we discuss the form of the metric in the global coordinates (¢, z¢). It is written in
terms of a set of global-frame multipole moments Mé 4(t) and Zé’LA (t) and tidal moments GgL7 (1)
and Ygﬁ‘(t) for each body A, which differ from the body-frame moments. The relationship between
the global- and body-frame moments is determined by the transformation between the global
and body-adapted coordinates; the moment transformation formulae are presented in full detail in
Appendix [3.9] The functions parameterizing the coordinate transformation, or the worldline data
Da , are seen to take on the role of configuration variables for body A with respect to the
global frame. Among other things, they determine the body’s center-of-mass worldline, z* = 2% (¢).

In Sec. we discuss the 1PN single-body laws of motion which govern the evolution
of a body’s mass monopole M4, mass dipole M};‘, and current dipole (or spin) 5’2. These laws
reflect the conservation of energy, momentum, and angular momentum and can be derived from
stress-energy conservation at 1PN order [33], or equivalently, from Einstein’s equation at 2PN
order [31]. A body’s translational equation of motion—an ODE for its global-frame center-of-mass
worldline z*(t)—can be deduced from the law of motion for its body-frame mass dipole. The result
is an expression for the acceleration ;'z'i‘, for each member A of an N-body system, written in terms
of the body-frame multipole moments M j and Sﬁ and global-frame worldlines 2’ of all the bodies
A.

Finally, in Sec. [3:3.VI] we specialize our discussion to the case of a two-body system with a body
1 having only a mass monopole M7, and a body 2 having a mass monopole Ms, a mass quadrupole
ng = (Y, and a spin S% = S%. We present and discuss the explicit forms of the evolution equations
for the moments M, My, and S and the worldlines z{ and zé, which depend only on these quantities

and QY.

II 1PN multipole and tidal moments

In Sec. we defined the Newtonian mass multipole moments *M¥% (called simply Mk there) as
integrals over the body’s mass distribution (3.2.7). In so doing, we implicitly assumed that the

Newtonian Poisson equation (3.2.1)) was valid in all space, including the interior of the body. A
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similar approach can be taken at 1PN order, defining 1PN-accurate multipole moments as integrals
over a body’s stress-energy distribution (as in below), assuming that the 1PN field equations
are valid in all space. This was the approach taken in the original DSX formalism.

As stressed by RF, one can also define a body’s 1PN multipole moments without requiring the
validity of the 1PN field equations in the interior of the body. Instead, one need only impose the field
equations in a vacuum buffer region B4, a region of finite extent enclosed between two coordinate
spheres centered on the body; the moments can then be defined through the multipole expansion of
the 1PN metric in the region B4. This allows one to consider objects with strong internal gravity,
like neutron stars and black holes, as long as there exists a region B4 exterior to the object where
gravity is sufficiently weak and quasi-static for the 1PN field equations to be valid.

Taking the latter approach, we assume the existence of a local coordinate system (s4, yf4), in the
vicinity of the body A, having the following properties: (i) The range of the coordinates includes the
product of the open ball |y 4| < re, for some finite radius r9, with an open interval of time (3}4, 3124).
(ii) There exists a spatial region W4 (the worldtube) of the form |y 4| < r; that contains all the
body’s stress-energy and/or regions of strong gravity. (iii) In the buffer region B (r1 < |ya| < r2),
the coordinates (s4, yi‘) are conformally Cartesian and harmonic, and the metric takes the 1PN

form (3.3.4), with potentials ®4(s4,y4) and (% (s4,ya) satisfying the 1PN vacuum field equations:

Vi, = ¢ 204 0(c™?),

Vi, = O(c?). (3.3.7)

Under these assumptions, RF showed that the general solution for the potentials in B4 is of the

form
Pa(saya) = - lf; ;{<—1>1M£<sA>aL|;| +Gilsa)yi (3:3.8)
+ [ EEE o+ E i oy
- Pk + g G| |+ 0
Cilsaya) = - gj ezt o v+ o, (3.3.80)

115



with

. 4 . 1w ) _ _

Zil(sa) = T M (sa) = 1eﬂ<alsj 1>J(SA)+m5%<azug >(s4)+0(c™), (3.3.9a)
. . 1. Ny 421 —1) . _,_ ; B

Yil(sy) = viE(sa)+ mejK‘”Hj 12 (54) — (2l+1)GjL 1§a>i(s4) + O(c™). (3.3.9b)

The potentials are parametrized by the following sets of (multi-index) spatial tensors, which are
STF on all their indices, and which are functions only of the time coordinate s4. First, M ﬁ(s A)s
with [ > 0, are the body’s mass multipole moments, which are defined with 1PN-accuracy. Next are
the current multipole moments, S%(s4), with [ > 1, needed only to Newtonian accuracy. Together,
the mass and current multipole moments contain all the information about the body’s internal
structure that is encoded in the gravitational field it produces (at 1PN order). They are associated
with the contributions to the potentials that appear to diverge as |y 4| — 0, which can be referred
to as the internal contributions. Also associated with such parts of the potentials are the internal
gauge moments uﬁ (I > 0), so called because they contain no gauge-invariant information about the
body.

Associated with the parts of the the potentials that appear to diverge as |ya| — oo (the external
parts) are the tidal moments: the gravito-electric tidal moments, Gﬁ(s A), with [ > 0, are defined with
1PN accuracy (like M%), and the gravito-magnetic tidal moments H%(s4), with [ > 1, are defined
with Newtonian accuracy (like S%). The tidal moments contain information about gravitational
fields generated by external sources and about inertial effects associated with the motion of the
local coordinate system. Finally, there are the tidal gauge moments Vf{, defined for [ > 1.

The tensors Z%(s4) and YiL'(s4) appearing in the gravito-magnetic potential (3.3.8b)) have
been defined as useful shorthands for the expressions in . Unlike all the other moments just
introduced, they are not STF on all their indices, but they are STF on their last [ indices (i.e. on
all but the first index). Egs. in fact represent their unique decompositions in terms of fully

STF tensors; the ‘inverse’ relations are

1 . _ .
sk = —ZZ%KL Leu>ik, (3.3.10a)
i = 79 (3.3.10b)
y I+1 .
M = —%Zjlb, (3.3.10¢)
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and

HY = yi<bleuzik (3.3.11a)
v o= v, (3.3.11b)
. 1 .

Gy = —ZYjJL. (3.3.11c)

The relations (3.3.10c)) and (3.3.11¢)) are implied by the harmonic gauge condition (3.3.5)).

In the case where the 1PN field equations (3.3.6|) are in fact valid in the interior of the body, the
mass and current multipole moments can be defined by integrals over the stress-energy distribution

in the volume of the body, as in DSX [33]:

1 g 1 g ..
ML = 3 <L>mtt 4 = |, <L>mpjj JI<L>rpitt
A /Ad yA{yA talva o)A
420+1) sy 4
T T O 3.3.12
U+ 1)(20 +3)Y4 +0(e™), (3.3.122)
S /d3yA Ry LT L O(c7?). (3.3.12b)
A

When considering a body with strong internal gravity, its interior cannot be modeled by a 1PN
stress-energy distribution, and such integrals cannot be defined. Instead, we rely on the multipole
expansion of the potentials 1} in the buffer region B4 to define the multipole moments M ﬁ and
Sﬁ, as well as the tidal moments Gﬁ and H ﬁ . Appendix E of RF [31] demonstrates the sufficiency
of this method of definition by giving explicit formulae for the moments in terms of surface integrals

of the potentials in By.

IIT Coordinate transformations and body-frame gauge conditions

The 1PN metric harbors residual coordinate freedom not fixed by the conformally Cartesian
and harmonic gauge conditions. As a result, the multipole and tidal moments defined in the last
section (not just the ‘gauge moments’ uﬁ and Vﬁ , but rather all of the moments) are not unique and
will vary with the choice of coordinates. To define a unique set of multipole moments for a given
body, one must further specialize the body-frame coordinates. Thus we turn now to a discussion of
1PN coordinate transformations.

In RF [31], it was shown that the most general transformation between two harmonic coordinate
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systems (s,y') and (¢,2%) in which the metric takes the 1PN form (3.3.4) can be written as

z'(s,y) = y' +2'(s)+ 012{ [;z'kk(s)éij — (s)0% 4 R R () + ;z‘ij(s)] Y’
- [;éi(s)aﬂf — z’f(s)dif] yjk} +0(c™), (3.3.13a)
t(s,y) = s+ C% [a(s) + 27 (s)y’] + Ci4 [5(5, y) + %d(s)yjj + i)'z'g(s)yjkk} +0(c7°),(3.3.13b)

being parametrized by the following functions. The vector z?(s) provides a time-dependent translation
between the spatial coordinates and is defined with 1PN accuracy. Each defined with Newtonian
accuracyﬂ are the rotation vector R;(s), and the functions «(s) and 5(s,y) which transform the
time coordinate. All of these may be arbitrary functions of their arguments (within the bounds of
their post-Newtonian scaling), except that 3(s,y) must be harmonic, V23 = 0, in order to preserve
the harmonic gauge condition.

In the treatment of the N-body problem, we will make use of one global coordinate system
(t,2") and one body-adapted coordinate system (s4,y%) for each body A. The global coordinates
(described further in the next section) are used to track the bulk motion of all the bodies, while the
body-adapted coordinates are used in the local description of each body—in particular, to define
their body-frame multipole and tidal moments. The transformation between the (¢,z%) and (sa,y%)

coordinates will take the form (3.3.13)), with different 'worldline data’ functions,

Da = {z4(s?), Ry(sa), aa(s4), Ba(sa,54)} (3.3.14)

for each body A. These functions may be viewed as configuration variables for the body-adapted
frame, specifying its position, orientation, etc. relative to the global frame.

In order to uniquely define the body-frame multipole and tidal moments, we must fix some
of the remaining gauge freedom in the body-adapted coordinates (s, yf4). Here, we will fix all
remaining gauge freedom in the body-adapted coordinates (in the bodies’ buffer regions), which

will also uniquely determine the gauge moments. It was shown in RF that this can be always be

2 Though an O(c™?) contribution to a(s) would contribute at O(c™*) in Eq. (3.3.13b)), this contribution
can be absorbed into the function 5(s,y).
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accomplished by imposing the following conditions, which define the body-adapted gauge:

Mi(s4) =0 (3.3.15a)
RYy(s4) =0 (3.3.15b)

Ga(sa) =pa(sa) =0 (3.3.15¢)
ph(sa) =vk(sa) =0, 1>1 (3.3.15d)

Eq. , setting the body-frame mass dipole Mi‘ to zero, fixes the body’s center of mass-energy
to the origin of the spatial coordinates yi‘ = 0 to 1PN order. Setting the rotation vector Rf4 to zero
in Eq. fixes the orientation of the body-frame spatial axes to those of the global frameﬂ If
the extended body A were replaced by a freely falling observer at yil = 0 (assuming an extension
of the body-frame coordinates to yi‘ =0), Eq. would ensure that the time coordinate s
measures their proper time. Finally, the fact that all the gauge moments can always be set to zero
by a coordinate transformation, as in (3.3.15d)), shows that they are pure gauge degrees of freedom.

We can think of the body-adapted coordinates as defining the body’s local asymptotic rest frame
[28], in which the effects of external gravitational fields and inertial effects have been removed
as much as possible*. The body-frame moments—the multipole and tidal moments defined by
in the body-adapted coordinates—then take on the values that would be measured by a
local comoving observer in the body frame. The body-frame multipole moments M ﬁ and Sﬁ are
the quantities describing the bodies’ internal structure that will appear in the final form of the

translational equation of motions for an N-body system.

IV  The global frame

To treat the orbital dynamics of a collection of several bodies A = 1... N, we consider N + 1 separate
coordinate systems: one body-adapted coordinate system (s4, yf4) for each body A, and one global
coordinate system (t,z"). We take these coordinate systems to have the following properties: (i) For

each body A, the body-adapted coordinates (s4,3%) cover the body’s buffer region B4 and satisfy

3 In place of the condition , RF chose to set the gravito-magnetic dipole tidal moment H% (s4) to
zero, which cancels leading-order Coriolis forces in the body-adapted frame and requires a non-zero value of
the rotation vector R’ (s4). While this more completely effaces external gravitational and inertial effects
in the body frame, Eq. leads to more simplifications in calculations. The effects of these differing
gauge choices cancel in all final results.
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all the assumptions and gauge conditions outlined in Secs. [3.3.1I| and [3.3.111l (ii) The bodies’ buffer

regions B4 are non-overlapping. (iii) The global coordinates (¢, ') cover the buffer regions of all
the bodies as well as the intervening space; i.e. they cover the region By = M\ (J, Wa, the entire
spacetime manifold M except for the worldtubes. (iv) In the region By, the coordinates (t,z?) are
conformally Cartesian and harmonic, and the metric takes the form , with potentials ®4(t,x)
and Qgi;(t, x) satisfying the PN vacuum field equations (Egs. with A — g).

The final assumption allows us to write down the following multipole expansion of the global-frame

potentials in Bg:

Bo(t,x) = _ii(_l)l {ML o — L g2 (ML, (o lx — (t)|]}+0( 1y

ST A=11=0 i e L|X—ZA(t)| 227" e LA ©
(3.3.16a)

- o (- 1 5

Gitx) = =) ) T ZéA(t)aLm+O(c ), (3.3.16b)

This expansion is analogous to that for the body-frame potentials but has several important
differences. Firstly, the potentials are written as a sum of contributions from each body A; this is
justified by the linearity of the field equations . Each such contribution is parametrized by the
body’s global-frame multipole moments: the mass multipole moments M; 4(t) are fully STF and
1PN-accurate, and the tensors Zé’LA(t) are STF on all but the first index and Newtonian-accurate.
Both sets of tensors are defined for [ > 0. As these global-frame moments will only appear in
intermediate stages of our calculations, we will not bother decomposing the tensors Zé’LA in terms
of fully STF current and gauge moments as in the body-frame case (3.3.9a)). We have taken the
moments Zé,LA to satisfy

Z5> = _zilng’LA’ Z75 =0. (3.3.17)
The first of these is required by the harmonic gauge condition, and the second is equivalent to
setting the would-be global-frame gauge moments ,ué 4 to zeroﬁ The global-frame moments M é 4()
and ZéfA(t) are distinct from (though related to) the corresponding body-frame moments M¥%(s4)
and Zi (s4).

4 The second condition in , along with the fact that the global-frame potentials all vanish as
|x| — oo, reduces the residual gauge freedom in the global-frame metric to the group of post-Galilean
transformations (the post-Newtonian Poincaré group) [31], which are the coordinate transformations given by
with "3 = ' = R = f = 0 and & = ":2/2.
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A second important difference with the body frame case is that the multipole expansions appearing
here are centered not around the spatial origin #' = 0 but around the worldlines 2% = 2% (¢). One
can check that the potentials as written here still satisfy the harmonic-gauge 1PN field equations in
B, for any choices of these worldlines. Below, we will identify the 2% with the bodies’ center-of-
mass worldlines, which appear as parameters in the transformations from body-adapted to global
coordinates .

Finally, one can note that we have included, in each body’s contributions to the potentials, only
internal pieces (which appear to diverge as |x — z| — 0) and not tidal pieces (which would appear
to diverge as |x — z“| — 00). This makes the global-frame metric tend to the Minkowski metric as
|x| — oo, thus eliminating any tidal or inertial forces on the N-body system as a whole. Each body
will still experience local tidal fields, but they will arise from the contributions to the potentials
generated by the other bodies.

We can introduce a set of global-frame tidal moments for each body A by rewriting the global-

frame potentials, in the body’s buffer region B4, as

Dy(t,x) = — Y ;{(—1)1MéA(t)aLw +GL Atz — za(t)])" (3.3.18a)
=0
arg0f | (-0 MEA@RLIx ~ 240+ 55 GEAOLe — zaO] } + O
Cit,x) = - Z T [ 1)z (¢t )8L|X—i,4(t)| + Y[z - zA(t)]L] +0(c™?), (3.3.18b)

Here, we have absorbed the contributions to the potentials from the other bodies B # A into tidal
terms for body A. This defines the global-frame tidal moments Gé 4(t) and Ygﬁ(t). They can
be expressed in terms of the global-frame multipole moments of the other bodies B # A and the
worldlines zi‘ of all the bodies A by equating the expressions for the potentials in with
those in ; these relations are given in Appendix

Now, as the global coordinates z* = (t,z") and the body-adapted coordinates vy = (sa,y%) are
related by the coordinate transformation , the metrics in the global and body frames must

be related by the tensor transformation law:

A al'p 833
I = Byt oy

(3.3.19)

This requirement allows one to determine both the parameters of the coordinate transformation
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between the two coordinate systems and the relationship between the global- and body-
frame multipole and tidal moments. Making use of the form for the metric in terms of the
potentials (in both coordinate systems) and the expressions for the body-frame potentials
and the global-frame potentials , as detailed in RF [31], Eq. yields expressions for
the body-frame moments in terms of the global-frame moments and the worldline data (or the

inverse relations):

D .
(M£7 Sfll) <—A> (Mgl:Av Zé,LA)

Da

(G%, H) (Gy 4, YEh) (3.3.20)

These moment transformations are presented in full detail in Appendices [3.9.1 and [3.9.111]

By combining the transformation formulae for the tidal moments with the body-frame gauge
conditions , one can solve for and eliminate the worldline data functions a4(s4) and
Ba(sa, yi‘) The only remaining piece of the worldline data D4 is the translation vector
zfq(s 4). Recall that the body-frame gauge condition Mf;l =0 , setting the mass dipole to
zero, fixes the body’s center of mass-energy to the body-frame spatial origin yil = (. Setting yf4 =0
in the coordinate transformation and eliminating s4, we see that ¢ = 2% (¢) encodes the

body’s global-frame center-of-mass worldline, where

Z4(t) = 24 (s4) (3.3.21)

sa=s9 (1)

is the quantity 2;(s4) expressed as a function of ¢, with the function s9(t) found by setting y% = 0
in Eq. (3.3.13b) (see Eq. and discussion thereabouts). The translational equation of motion
for a body A, discussed in the next subsection, can be written in the form of a second-order ODE

for the global-frame CoM worldline z%(t).

V  Single-body laws of motion and translational equations of motion

The single-body laws of motion are constraints on the lowest-order multipole moments of any body
which govern the exchange of energy, momentum, and angular momentum between the body and
the gravitational field. The laws of motion at 1PN order were first found by DSX, who derived
them by using covariant stress-energy conservation at 1PN order in the interior of the body. The

same laws of motion were later rederived by RF by using the 2PN (next-to-next-to-leading order in
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1/c?) vacuum Einstein equation in a buffer region surrounding the body, thus extending their range
of validity to include bodies with strong internal gravity.
The laws of motion are written in terms of the body’s multipole and tidal moments as defined

by the expansion of the 1PN potentials (3.3.8) and are valid in any coordinate system in which the

spacetime metric takes the form given by (3.3.4) and (3.3.8)—mnot just in body-adapted coordinates.

The results are

. 1 1 ) .
M, = _?ZZ[(HDH Lol 4 1prkeGL| + O, (3.3.22a)
=0
i o 1 L1 JLgpkr |1 < iL kL
MA = Zﬁ M GA+ l+2€ijkMA HA +m6ijkMA HA
=0 "
283 4+ 712+ 15146 ;7 23 +512+1204+5 .0 .. l2+z+4 L
- MG — LG - ————MGh
(l+1)(2l+3) A TA (1+1)2 A 1+1
— _SkH - (z+1)€ wSILGRE €SI GRE b+ 0> (3.3.22b)
A (1+2)2" 42 ' "
.. 1 A
Si = ZﬁeijkMgLG’zL+O(c*2), (3.3.22¢)
=0 "~

Eq. shows that the mass monopole M4 is conserved at Newtonian order (O(c")), but not
at 1PN order. As discussed further in Sec. below, M4 contains O(c~2) contributions from the
internal energy of the body, which can vary as tidal forces do work on the body. The law of motion
for the the spin S% is the same Newtonian-order tidal torque formula found in Eq. .

The law of motion for the mass dipole Mf4 governs the evolution of the body’s total
linear momentum. The body’s translational equation of motion can be derived by applying
in the body frame, i.e. by applying it to the body-frame dipole moment, as follows.

At Newtonian order, the O(c?) part of Mf4 in gives the net force acting on the body, as
Mﬁl is the body’s total momentum (cf. ) Since the body-adapted coordinates are chosen to
be mass-centered (M = 0), this net force must vanish in the body frame. This apparent equilibrium
in the body frame is achieved by the balancing of gravitational forces from the other bodies with
inertial forces, which are due to the fact that the body frame is accelerating with respect to the

(asymptotically) inertial global frame, along the worldline 2% (¢). Both of these effects are accounted
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for by the body-frame tidal moments G%; from the O(c") part of [ref], we have

U o= Goa—Z1+0(c?),
Gﬁ/ - GLA + O( _2)7 (l > 2)?

(A 1 _
GéA = BaKL)i\ZA + O(c 2)

B#A k=0

Using these relations in (3.3.22b)), the requirement of equilibrium in the body frame, M;l =0,

determines the equation of motion for the worldline z%(t):

ZZ Mg‘G +0(c?) (3.3.23)

B#A 1=0 !
=1 Y 1 _
=3 > MM a<K>Li’ —m +OT):
B#AkIl=0

This matches the Newtonian equation of motion found above in .

At 1PN order, the procedure is essentially the same, but more involved. One begins by setting
Mﬁl = 0 in the body frame, with M}L] given by . To arrive at a suitable form for the final
equation of motion, one must then rewrite the body-frame tidal moments Gﬁ and H ﬁ of body A
in terms of the body-frame multipole moments M {; and ng of the other bodies B # A and the
worldline data D¢ for all the bodies C'; the details of this procedure are presented in Appendix

In the end, one arrives at an expression for the acceleration zf4 (t) of the 1PN-accurate global-frame
center-of-mass worldline 2% (t), defined by . (As in the Newtonian case, the acceleration
term, describing inertial forces in the body frame, emerges from the transformation laws for the
body-frame tidal moments.) The expression depends only on the body-frame mass and current
multipole moments MX(t) and Sé(t)ﬂ the global-frame worldlines z4(¢), and the time derivatives

of these quantities, for all bodies B:

£ (t) = Fal2lp, 2, M, M3, M5, S§, S5)- (3.3.24a)

Similar (though simpler) manipulations applied to the laws of motion (3.3.22a) and (3.3.22c) allow

one to write equations of motion for the mass monopole M4(t) and spin S%(t) in terms of the same

5 Here, and throughout, M%(¢) and S%(t) are the body-frame moments M%(s4) and S%(s4) expressed
as functions of ¢ at y = 0, i.e. the same physical quantities expressed as functions of different variables;
cf. Eq. (3.9.1) and surrounding discussion.
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variables:

Ma(t) = Falzh, 23, ME, ME), (3.3.24b)

Si(t) = Filz, ME). (3.3.24c)

The explicit forms of the translational equations of motion and the mass and spin evolution
equations and will be given for the M;i-Ms-So-Q)2 case in Sec. and are
given in the fully general case in RF [31] as corrected by an upcoming erratum.

To arrive at a closed set of evolution equations for the quantities 2% (t), M%(t), and S%(t), for all
bodies A, the equations of motion must be supplemented by equations for the multipole
moments M7 (t) and S7(t) for | > 2. Finding such equations will require a model for the bodies’

internal dynamics, which will be addressed in Sec.

VI Monopole-spin-quadrupole truncation

We have presented above the formalism for treating the 1PN dynamics of a collection of many
bodies, each with arbitrarily high-order multipole moments. Here, we apply that formalism to the
two-body system discussed in Sec. with a body 1 having only a mass monopole moment M,
and a body 2 having a mass monopole My, a current dipole, or spin, S5 = S%, and a mass quadrupole

Méj = Qéj = QY. More precisely, we truncate the internal parts of body-frame multipole series

(3.3.8)) for each body according to

My _ i _
Dy i = Tl +0(c™), Clint = O(c %),

neglecting the moments M{ for [ > 2 and S¥ for I > 1, and

My 1 .. 1 1 ...
P, . 2 QU — — 0¥, O(c™4
2,int |}’2| 2Q iJ ‘y2‘ 4CQQ Z]‘y2‘ + (C )a
. Y 1 B
Gt = 2 (Q” - Giijk) 33‘@ +0(c7?),

neglecting the moments M¥ for [ > 3 and S{ for | > 2. (The external parts of these potentials
will be just as in (3.3.8]), with arbitrarily higher-order tidal moments.) These expressions for
the body-frame potentials define the body-frame moments Mi(s1), Ma(s2), Q¥ (s2), and S*(sz)

as functions of the body-frame time coordinates s; and s3. These moments can be expressed as
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functions of the global time coordinate, written M;(t), Ma(t), S¢(t) and Q¥ (¢), using the coordinate

transformation (3.3.13) with y%, = 0 (cf. Eq. (3.9.1)). For the bodies’ global-frame CoM worldlines

2i(t) and 24(t), we will use the definitions

=22 r=|z|, n'=zr (3.3.25)
as similar to (3.2.17)), except that the worldlines are now defined with 1PN accuracy, and

vi =2t v =2z ot =l — ol (3.3.26)

With these conventions in place, we can apply the laws of motion presented in Sec. to find
the evolution equations for the moments M (t), Ma(t), and S%(t) and the global-frame center-of-mass
worldlines 2% (¢) and z4(¢). The results involve only these quantities and the quadrupole Q% ().

As body 1 has no higher-order multipole moments, the law of motion (3.3.22a]) requires that its

mass monopole M; be constant in time:
M; =0(c™™). (3.3.27)

The same law of motion applied to body 2 gives

. 1 /3 i
M, = -3 (QQZ]GZQJ _ ng;ﬂ) +0(c™), (3.3.28)
where the body-frame gravito-electric tidal moment Géj is given by 1' as

ij ij Loy 3MA s 2
G2 = Gg,? + O(C ) = Tn =+ O(C ) (3329)

It is worth pausing here to compare this rate of change of the 1PN-accurate mass monopole My

with the rate of change Newtonian internal energy Ei** discussed in Sec. [3.2.VIL From (3.2.34)) and
(13.3.28]), we find that they are related by

My =2 (E';nt n 3UQ> +O(c, (3.3.30)

where Ug is the Newtonian gravitational potential energy associated with the quadrupole-tidal
interaction given by (3.2.28]). The mass monopole Ms thus contains contributions not only from

body 2’s internal energy but also from the tidal part of its external gravitational potential energy.

126



Though Newtonian internal energy is not a well-defined concept for strongly self-gravitating bodies,

we will simply take the relation

My = "My + ¢ 2 (EY" + 3Uq) + O(c™) (3.3.31)

int

to define the quantity E5™ in the 1PN context, with "M> being the conserved Newtonian-order

rest-mass contribution. This partitioning of Ms, which is fully consistent with the equation of

motion (3.3.28]), given (3.2.34]) and (3.2.28]), will be useful in our discussion of internal dynamics

below. (A thorough discussion of the ambiguity in the total mass-energy of a body by an amount of
the order of its tidal potential energy, and of tidal heating in GR, can be found in Ref. [107].)

The evolution equation for the spin (3.3.22c)) gives the following tidal torque on body 2:
St = €ikQUGET + O(c™?), (3.3.32)

with G’Z"a being given by . This coupling between the spin and the quadrupole, which is a
purely Newtonian effect, is the essential reason we cannot (in general) ignore the spin-orbit coupling
terms in the 1PN translational equations of motion for bodies with quadrupole moments.

Finally, working from the laws of motion for the mass dipoles, we can apply the procedure
outlined in Sec. and Appendix to the Mi-M5-S5-Q9 system to find the translational

equations of motion for the worldlines zi and zé. The results are

MyE(t) = F{ yp + Fi g+ Fi o, (3.3.33a)

Maz5(t) = F5 pr + Fo s+ Fo g, (3.3.33D)

with the monopole contributions,

Fiy = T—2nl + o {n’ [21} —v] — 5(71“1)3) I + v'n®(4vf — 3v9) ¢,
(3.3.33¢)
Foy = —ﬁnl ~ 2,3 {nZ {21} — vy — i(n“vf) - + v'n?(4vg — 307) ¢,
(3.3.33d)
the spin contributions,
; 1 M . .
Flg = —2—316“%56 [5‘“(4vb — 6nbdyd) — Gnazvb} , (3.3.33¢)
’ cr
‘ 1 M . ‘
Fig = —olebege [36‘”(nbdvd — by + 6n‘“vb], (3.3.33f)
: cr
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and the quadrupole contributions,

Fo = 530" (5 abi _ opag ) + 5| Ga@yon i 9y2 - g (nes)? — = - =
; ) 19M;  4M.
_onasbi (942 — U% . 7(ncvg)2 B 1 2 + avgz + ( 6117,) beyc
2 2r r
. 3M
+0! (5n% — 2n26%¢) (40§ — 31}5)} + 53 Qab[ D (5uSnct + 3vt) — 4vnb — 20%nbe(20¢ — )]
3M ; ;
1 Qab( abi + QTL&(SM)) ’ (3333g)
; 3M1 ; 1 (3M; 7 8M;  6M>
FQZ,Q — Qab (5nabz 2na5ln) 4+ C2< Qab{ abz |:2’U % . §(ncvf)2 . . . . :|

5) 8 M 11M.
+2n%6% |3 [ v? — 03 — 5(nv%)? — i(ncvf)Q B 2

. 5 ] + n'v® + 502 (200§ — v8°)
08 (5n%¢ — 2n26%¢) (405 — 3v5) + n5(vh — 20%) + 6N [(5v§ — 4v8)v§ — 6vVS] }

3M1 Qab|: (2091 — §99) 4 §Upbeye Qnabvi}>’ (3.3.33h)
all plus O(c™*) corrections. (It should be noted that occurrences of S* in the equations of motion
have been replaced by and included in the quadrupole contributions.)

The monopole contributions give the well-known Lorentz-Droste-Einstein-Infeld-
Hoffmann accelerations, and the spin contributions give the well-known 1PN
spin-orbit terms [33]. The quadrupole contributions have been derived previously
by Xu, Wu, and Schafer [50], though our results disagree with theirs in several terms; we have not
been able to pin down the source of the disagreement. Our results also disagree with the final results
of RF [31], but agree with their corrected results given in an upcoming erratum. The strongest
indication of the correctness of our expressions for the EoMs is the fact that, unlike the results in
[50, B1], they are consistent with the conservation of the binary system’s total linear momentum, as
discussed in Sec. B.4.I11] below. We can also note that the action derived below from these results
agrees with the recent work (using a rather different method) by Damour and Nagar [94] and Bini,

Damour, and Faye [52].
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3.4 System multipole moments and conservation laws

In Sec. we defined the multipole moments of a single body through the multipole expansion of
the metric in a vacuum buffer region surrounding the body. The same procedure can be applied to a
collection of several bodies to define multipole moments for the entire system. Applying the general
laws of motion discussed in Sec. to these system multipole moments will allow us to formulate
conservation laws for the energy, momentum, and angular momentum of an isolated N-body system,
expressed as constraints on the worldlines and multipole moments of the constituent bodies. These
conservation laws can serve both as a consistency check for the equations of motion given in
Sec. and as a means to specialize the equations of motion to the system’s center-of-mass

frame.

I General formulae

We have already discussed, in Sec. a form for the metric generated by a system of N bodies.
Using the global coordinate system (¢, z"), we expressed the potentials parameterizing the metric
as a sum of multipole expansions for each body A, written in terms of the bodies’ global-frame

multipole moments M’ oA and Z A and Newtonian-order worldlines 2 e

1 —
Ty = _ZZ [ g,AaLﬁ 82( La0Llx —za|) | +O(c™), (3.4.1a)
A 1=0
i 1 _
¢ = _ZZ e e ok %), (3.4.1b)
A 1=0

with Zi& oA satisfying (3 . This solution for the metric was constructed to be valid in the region
B, which extends out to spatial infinity.

In a region far outside the system, we can rewrite these expressions for the global-frame potentials
to mirror the forms (3.3.8]) used to define the multipole moments of a single body, with multipole

expansions about the global-frame origin z* = 0:

_ — (—1)" 1 (20+1) ., ]‘n L 4
¢y = ; SysaL| 2 —(z+1)(2z+3)“8ysaﬂ ’ > M Dl | §+ 0™,
(3.4.2a)
i — (— i 1 _
(¢ = —Z(l ZsfsaLerO(c %), (3.4.2b)
=0
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with

4 4l 2l — 1 _
ng:s — mnM;;:S _ l+ 1 Jz<azSSLys 1>j + mémalﬂéysb + O( 2) (3.4.3)

These expansions define the system multipole moments M£,5 and S ; and the gauge moments ug“ys.

The tidal terms present in are absent here, as the global-frame potentials vanish as |x| — oo
(cf. Eq. ) To compare the metric - ) here to the metric above, we must express
them in the same gauge. We have chosen the gauge that enforces ng 4 =0in , which will
result in nonzero values for the system gauge moments usLys in (3.4.2)).

Since the potentials given by and by represent the same metric in the same gauge,
they should be explicitly equal. This condition will allow us to solve for the system multipole
moments appearing in in terms of the individual bodies’ global-frame multipole moments
and worldlines appearing in (3.4.1]).

Considering first the vector potential Cé, we can use the Taylor series

n - _1)k K n
x—zal" =) 2R ok (3.4.4)

_ e (-DP ! <P-K_K>g, L
=22 g e A O 2}

In the second line, we have relabeled the multi-indices according to LK — P, adjusted the
summations accordingly, and used the fact that dp|z|~! is STF. Renaming P — L and comparing

this with (3.4.2b)) gives an expression for the tensors ngs

l
Zik = ZZ 'k' Ziy R (3.4.5a)

The current moments and gauge moments can then be found from formulae analogous to (3.3.10a)
and (3.3.10b)):

Sk, = 4zg§S<L teu=ki (3.4.5b)
phs = ZHE (3.4.5¢)
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The scalar potential ®, can be manipulated in a similar manner, using the Taylor series (3.4.4)),
to find formulae for the system mass multipole moments MZ_. The details of this more involved

sys*

procedure are given in Appendix The result is

l
! 1 1 . . )
L _ <L-K _K> 2 J<L—-K _K>j <L-K _K>jj
ML = ;gk!(l_k)! METRA + o (2Mg’A KT MIEK )]

_cl? (1 +21l)éll+ 3)%%5 +OET), 340
The gauge moments /lsLys appearing here can be found from .

In summary, Egs. and give the total multipole moments Msfg,s and SSLyS of an
N-body system, defined in the global frame (¢, z"), in terms of the individual bodies’ global-frame
multipole moments Mé 4 and ZéfA and worldlines 2%. In the following subsections, considering
the two-body M;i-Ms-So-Q)2 case, we will use these results along with the moment transformation
formulae from Appendix to write the system’s mass monopole Mgy and mass dipole MS"ys in
terms of the body-frame moments (M, Ma, S?, Q¥) and the worldlines 2! and zi. We note that
a similar procedure can be applied to find Sgys = eijk(Mlz{vf + Mgzgvé“) + Si for the system’s

total (Newtonian) angular momentum. The system’s 1PN accurate mass quadrupole, which will

be needed for the calculation of the gravitational wave signal from the binary system, can also be

calculated from Eq. (3.4.6)).

II System mass monopole

Specializing the general formula (3.4.6]) for the system mass multipoles to the monopole (I = 0)
case, and using the Mi-Mo-So-Q)o truncation, we find the binary system’s total 1PN-accurate mass

monopole to be

1 1. 1 d?
Meys = Mg1+Mgo+ = | = Shisys + 523 (

3 Mg712% + nggzg) + 0(674).

Using (3.4.5) for [iys and the formulae in Appendix relating the global- and body-frame
multipole moments, we can rewrite this expression in terms of the body-frame multipole moments

and the CoM worldlines:

1 (Mpv?  Myvd MM
Msys = Ml +M2 + 62( ;Ul + ;Uz - 17’ 2 2UQ> +O(C_4), (347)
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where the tidal potential energy Ug, as in (3.2.28), is

3My .. ..
Ug =~ 5Qn".

If we rewrite the mass monopole of body 2 as My = "My + ¢ 2 (EiQ’[1t + BUQ), as in (3.3.31)), we find

that the 1PN contribution to the system mass monopole is exactly the system’s total Newtonian

energy F given by ([3.2.32):

Msys = M+ "Ms + CiQE + 0(074) (348)
1 1 My M. :
B = SMwf+ 5 Myj — L2 LU + B

This is a further validation of the decomposition of the total mass monopole M in Eq. (3.3.31)).
The constancy of Mgy, required by the law of motion (3.3.22a}) as applied to the entire system in

the global frame (for which there are no tidal moments), then follows from the constancy of E.

IIT System mass dipole

Taking the [ = 1 case in the general formula (3.4.6]) gives the system’s 1PN-accurate mass dipole:

, A , . , 1 3
Mslys = Mg,lzi + Mg,QZé + M§,1 + MgZ;,Q + 072 |: - Eﬂgys

Fac0f (202 + M= + My 257 } L 0@,

Using 1' for ﬂgys, (3.3.32) to replace an occurrence of S, (3.3.31)) to replace Ma, (3.2.28) for

Ug, and the moment transformations from Appendix this becomes

. . n ; 1 ; M11)2 MlMQ U
My, = Mz + "Mz + z;< S o +7Q (3.4.9)
; ]\42’[)2 MlMQ UQ : 3M1 I .. . _
7 2 int g ijk, . J Qk 4
_ E Jnd 4 ]
—1—22( 5 5 + 5 + E5" ) + 5,2 Qn? + €7y SY| +O0(c™7)

From the law of motion as applied to the entire system in the global frame, for which
there are no tidal moments, we see that Msiys should vanish; this is a statement of total momentum
conservation. By differentiating , order reducing as appropriate, using the full 1PN transla-
tional equations of motion in the Newtonian terms and their Newtonian parts in the 1PN
terms, and also using and for Egm and S;, we find that indeed ngs = 0. This is

an important check of the correctness of our expressions for the equations of motion and of the
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consistency of the formalism (which is not satisfied by the EoMs given in Ref. [31, 50]). Note that
the inclusion of the spin term in Eq. (3.4.9)) is essential, reflecting the necessity of including spin

terms when working with mass quadrupoles at 1PN order.

3.5 Orbital dynamics in the system’s center-of-mass frame

I Equation of motion of the relative position

The conservation of momentum allows us to reduce the problem of solving for the two worldlines
2i(t) and zi(t) to solving for just their separation z'(t) = z4(t) — 2i(¢) in the binary system’s
center-of-mass (CoM) frame. We can define the CoM frame to be that in which the 1PN-accurate
mass dipole vanishes,

M (t) =0, (3.5.1)
so that the system’s center-of-mass(-energy) is at rest at the global-frame spatial origin. This fixes
all remaining (post-Galilean) coordinate freedom in the global-frame metric. Using Eq. , this

condition can be used to solve for the worldlines z{ and 24 in the global CoM frame in terms of the

relative position z¢ (working perturbatively in ¢=2); one finds

2= —xedt 42 (Pzi - Di) +0(c™), (3.5.2)
i i -2 i i —4
z = xiz'+c (P2’ =D")+0(c?), (3.5.3)
with
1)2 M 3 ii i X1 i
— _ -z o= 7,17 _ 7E1nt
Po= nlxz—xi1) ( SRR AL ) e
3Xi i X1 ijk, j ok
DZ' = 27“2 Qljnj —+ M€Z‘7 'U]S y (354)

and with the new notation
M = My + "M, Xlel/M; X2 = nMQ/M,
p=M"My/M, n=x1x2=p/M. (3.5.5)

To find the acceleration of the relative position in the CoM frame, we can simply subtract our

above results (3.3.33)) for the individual accelerations:

ot = 7 =3 — 5, (3.5.6)
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The resulting expression depends only on 2, fui, v%, My, My, QY, S* and Ei2nt. As vi and v% appear

only in 1PN terms, we can replace them with their Newtonian values in the CoM frame,
= —xov' +O(c™?), vh=x1v'+0(c?), (3.5.7)
from differentiating the O(c%) parts of . After defining one last shorthand,
7 =n%?, (3.5.8)
we can write our result for the 1PN-accurate CoM-frame relative acceleration as follows:
at = dy; + al + a’@, (3.5.9a)
with the monopole contribution,

ahy; = —T—2n ~ 2.2 {n [(1 + 377)1}2 — ?1"2 —2(2+ n)r} —2(2—n)rv } + O(c 4), (3.5.9b)

the spin contribution,
aly = eab;sc (34 x2)v26% — 3(1 4 x2)7 0% + 2n%’| + O(c™?) (3.5.9¢)
S — 62X2T3 X2 X2 ) -J.
and the quadrupole contribution,

) 30 . 1 ab . M
ah = @ - [5 abi 2na5’”] + 2{Q4 [na’” (sz + Boi? + Bg)
2X27" c r r

+nasbt <B47}2 + Bsi? + Bg r> + B7in®vt + Bgn®® + Byrn®u® 4+ Byov®nt + Bllf*vaéb‘}

’ ab . . . . . o ab . .
+ 3 [Blgnabvz + B13T-,nabz + B14’I’LQZ’Ub + Bl5v“5bz + Bl6f‘na5bl:| + % |:B17’I’Labz + Blgnaébz}
int
—Biy :2 nt s +0(c), (3.5.9d)

with coefficients

15 _ 105 12 3
By = ——(1+3n), Bs X By = —(5-2x3), Bi=—(2+2x2 — 3x3),
2x2 4 X2 X2
15 3 15 3
By =——(2—x2 — Bg=——(8=x2—3x2), Br=—(2—17), Bs = ——(7 — 2x2 + 3x2),
5 2><2( X2 — X3), Bs XQ( X2 — 3X3), Br X2( n), Bs 2X2( X2 + 3X3)
15 3 3 3 15
By = — 2;21(1 + x2), Bio = ﬁ, By = N —(5—4x2 — x3), Biz = —%(4 X2), Biz = — 2X1,
6 3 3 3 3
Bu=—, Bis=—" Big="(1-2x2—x3), Bir="=, Bis= =, Big = 1. (3.5.9¢)
X2 X2 X2 4 2
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In this form for the CoM-frame orbital EoM, we have used (3.3.31)) to write the total 1PN-accurate
mass monopole M; in terms of the (constant) Newtonian mass " Ms, the internal energy FEi',
and the tidal potential energy Ug (giving a contribution to Bs). This decomposition is useful in

formulating an action principle for the orbital dynamics (as in the next subsection), as E%nt is

independent of the orbital degrees of freedom, while My is not.

II Generalized Lagrangian for the orbital dynamics

The monopole contributions (3.5.9b)) to the 1PN CoM-frame orbital EoMs are known to be derivable

from the Lagrangian

2
17, uM  pf(l-=3n, M 9 9 M 4
L = —+4 + = +—(B+ + —— || +0 3.5.10
M 5 , 2 [ 3 v o ( n)v nr , (™), ( a)

(see e.g. [108]). The spin contributions (3.5.9¢)) can also be derived from an action principle, but
with a generalized Lagrangian (one depending not only on the relative position 2z and velocity
v’ = 2%, but also on the acceleration a* = ) given by adding

_ X1 abega,p | 2M X1 -4
Lg= 6—26‘1 “S% [ﬂnc + 2(16] +0(c™) (3.5.10b)

to (3.5.10a)) (see e.g. [109]). Applying the generalized Euler-Lagrange equation,

0 d o0 d? 9

to £ = Ly + Lg, and using My = M, = S = 0 (which replaces (3.3.27113.3.28//3.3.32) in the case

with no quadrupole), one recovers the EoM a’ = a§\4 + afg from (3.5.9b}f3.5.9¢)).

We have found that the quadrupole contributions to the orbital EoM (3.5.9d]) can also be encoded

in a generalized Lagrangian. To determine the necessary additions to the Lagrangian, one can
proceed by guesswork, using the known Newtonian Lagrangian , and writing down all
possible 1PN-order scalars that can be formed from the relative position z* and velocity v?, the
total (Newtonian) mass M, and linear factors of the quadrupole Q¥ its time derivative Q” , and

the internal energy Ei"; including dimensionless coefficients A1—Ag for each such term, we have

3M 1M M
Lo = S5 5 Q™n® + 2{3Q“b [n“b (A1v2 + Agi? + A3> + A + Ag,m%b] (3.5.10d)
r (& r r

+ %Qab [Aﬁnavb + Aﬂ”“ﬂ + B3t [Ast + Agﬂf} } +0(c™™.
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Since the spin-orbit terms require the acceleration a’, one might expect that terms with
factors of a' and also Q% should be included here; we find, however, that such terms are not
necessary. The only further term allowed by general considerations but not included here is Eint72,
as recovering the EoM requires its coefficient to be zero.

By applying the Euler-Lagrange equation to the generalized Lagrangian £ = Ly +
Ls+ Lg, using the evolution equations and (3.2.34) for time derivatives of S* and Ei" one
finds an EoM of the same form as but with coefficients B1—Big in (3.5.9d)) given as functions
of the Lagrangian coefficients A1—Ag and the mass ratios x1 and xs. Setting these coefficients equal
to the values for B1—Bijg given (3.5.9¢]) gives a system of 19 equations for the 9 unknowns A;—Ag,

which has the unique solution

3 15 3 3x2
A = @y, A= g PXgg3yg), A= 2
4 4 2 2
32 3 3 2
As = *%(3+X2)7 Aﬁzfg, A?Z*Zn, ASZ%a Ag=x1.  (3.5.10e)

Thus, the action principle (3.5.10|) reproduces the 1PN CoM-frame equation of motion (3.5.9) for

the relative position z'—if we also make use of the evolution equations (3.3.32)) and (3.2.34)) for the

spin S¢ and internal energy E'™ of body 2. In the next section, we discuss an action principle that

leads to a closed set of evolution equations for the binary system in the adiabatic approximation.

3.6 Internal dynamics in the adiabatic approximation

I Euler-Lagrange equation for the quadrupole

We have just seen that the CoM-frame orbital EoM , the evolution equation for the binary’s
1PN-accurate relative position 2(t) = z(t) — 2%(t), can be derived from the action principle .
We now seek to extend this action principle to incorporate the internal dynamics of the deformable
body 2 in the case where the quadrupole moment is adiabatically induced by the tidal field.

In Sec. we saw how the adiabatic evolution of the quadrupole can encoded in a Newtonian

action principle; varying the action (3.2.36)) with respect to the quadrupole Q¥ gives
g g My ..
Q7 = XNGi+0(?) = AT—Sln<”> +0(c?), (3.6.1)
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for the Newtonian-order quadrupole (cf. ) We also saw that, with the quadrupole given by
, the spin evolution equation becomes S* = O(¢~2) (cf. Eq. , so that body 2 experiences
no tidal torques. For this reason, in the adiabatic case (unlike in the general case), we can specialize
our analysis to the case of zero spin without generating inconsistencies, which we will do for the
remainder of this section.

We have found that the simple Newtonian Lagrangian can be extended to govern the
1PN-accurate adiabatic evolution of Q¥ in a relatively straightforward manner. We consider the

following Lagrangian:

L = Lop+LI4+0(c™),
Loy = Ly +U"Q™+V®Q™ + WE™, (3.6.2a)

. 1
int _ abab
Lyt = — e (3.6.2b)

with Lys(z,v) given by and with U%(z,v), V%(z,v), and W(z,v) being the coefficients
appearing in Lg . We have postulated (motivated by symmetry considerations) that the
internal Lagrangian L’i?m can still be taken as a simple quadratic in Q% , generalizing the
Newtonian Lagrangian only by using the 1PN-accurate value of Q% in place of its Newtonian
value. (It is consistent to use here the fully relativistic value for the tidal deformability A.) The
internal energy E™ appearing in Lo , which is needed only to Newtonian order, will still
be given by

Bt — %Q”anb +0(c™?), (3.6.3)

up to a constant, as in (3.2.40]). To avoid explicitly introducing an additional constant contribution

to the internal energy, we can absorb any such contribution into the constant ‘Newtonian’ mass

monopole "My [cf. Eq. (3.3.31))].

Treating the relative position 2°(t) and the quadrupole Q®(t) as the independent dynamical
variables in the Lagrangian (3.6.2)), we still recover the orbital EoM (3.5.9) from the Euler-Lagrange

equation for 2! (with S® = 0), and that for Q?,

o d 9
<aQab + dtaQab> L=0, (3.6.4)

gives

QP =2X(1 4+ W) (=U® + V) 4 O(c™™). (3.6.5)
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Using the coefficients U, V%, and W from the Lagrangian (3.6.2alf3.5.10)), we find that
Qap = \GL +O(c™%) (3.6.6a)

where ng is the body-frame gravito-electric tidal moment defined in Sec. |3.3.11) and calculated in
Appendix

3x1M
GP = %n@b (3.6.6b)
13 M 5X5 ., HH+x1M . _
Jrcj 3 [ <2U2 - 727“2 T T 9 N<ab> + V<ab> — (3 — x%)rn<avb> + O(c 4)7

The relation (3.6.6a)) between the body-frame tidal moment G2° and the adiabatically induced
quadrupole Q®, derived here from the Lagrangian (3.6.2), is the same relation typically used to
define the adiabatic approximation (e.g. in [94]). The explicit expression for the tidal moment in

(3.6.6c) matches those given in Refs. [47, 48], 110] when the latter are specialized to the CoM frame
via (3.5.7)).

II Reduced Lagrangian, equations of motion, and conserved energy

By substituting the solution (3.6.6)) for the quadrupole into the Lagrangian (3.6.2), we find a reduced

Lagrangian for the orbital dynamics involving only the CoM-frame orbital separation z°(t):

2
oo Mg A
L[Z'] = 5 + . (1 + 7“5> (3.6.7)
M A A M A
+M2{t90v4 + — |:v2 <91 +§15> 72 <92 + 525) + — <93 +€35> :| }
c r r T T r
with
3x1
A==, 3.6.8
s (3.6.8)
and with the dimensionless coefficients
90:(1—37])/8, (91:(3+?7)/2, 92:77/2, 93:—1/2,
& =0a/2)6+x2), f=-31-6x2a+x3), & =—7+5x2 (3.6.9)

While this form for the Lagrangian has been derived in harmonic gauge, we note that (some)
other gauge choices lead to a Lagrangian with the same terms as in (3.6.7]) but with different values

of the 6 and ¢ coefficients. In particular, the Lagrangian derived by BDF [52] (when specialized
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to 1PN accuracy and to the center-of-mass frame) has this form, as does that obtained (via a
Legendre transformation) from the EOB Hamiltonian including 1PN tidal effects proposed by
Damour and Nagar [94] (except that their work originally did not provide a value for the coefficient
&2). In Appendix we derive the canonical transformation relating the EOB Hamiltonian to the
harmonic-gauge Hamiltonian, which fixes the value of £ in the EOB Hamiltonian, and we present a
separate transformation relating our results to those of BDF. We thus demonstrate the complete
equivalence of all of these results at 1PN order.

The orbital EoM resulting from the Lagrangian (3.6.7) is given by

, Mn' A
@ = -2 <1+6> (3.6.10)

r 7o
M , A .9 A M A W A
M [v%l (qﬁl +<15> i (@ +<25> M (¢3 +<35> v (m +<45> }
c2r r r r r r
with coeflicients

O1=40p — 01 — 202, 2 =302, P3=2(01+ 062 —063), P4 =2(46p + 61), (3.6.11)

G =2(120p — 361 — &2), (o =8, (3=1201 41205 +2& +2& — 763, G = 12(400 + &1),

for general values of the Lagrangian coefficients, and with

o1=—1-3n, ¢2=3n/2, ¢3=2(12+1n), ¢s=2(2-n), (3.6.12)
G1=-32-—x2)(1+6x2), C=24(1—-6x2+x3), C3="066+9x2—19x3,
G4 =6(2 - x2)(3 — 2x2),

in harmonic gauge.

Finally, from the Lagrangian (3.6.7)), we can construct the conserved energy,

E = 2'9L/0v' — L (3.6.13)
2
ot M A
2 r <1+7‘5>

M A A M A
+'ué{3901)4 + — |:’U2 (91 + fl5> 7"2 <92 + §25> - — <93 + 535> ] },
C r r T T r

which is a constant of motion of the orbital EoM (|3.6.10)).

As an application of these results, we can compute the gauge-invariant energy-frequency rela-

2

tionship for circular orbits. Using the relations 7 = 0, v? = r?w?, and a' = —rw?n’ for a circular
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orbit, the orbital EoM (3.6.10f) can be solved perturbatively, working to linear order both in the
post-Newtonian parameter 1/c¢? and in the tidal deformability parameter A (3.6.8)), to find the
radius r as a function of the orbital frequency w. Combining this result with a similar treatment of

the energy (3.6.13), we can eliminate r to find F(w):

1 3AW o (Mw)? L Aw!
o 9t
fM = 3(00—|—91—|—(93)— o
11 11
fo = B0 +201 -4+ & +&) = B+ 20+ 3X3)-

While the 6 and & coeflicients may take different values in different gauges, their combinations
appearing here must be gauge-invariant. As F(w) is independent of &, we can check this result
against those obtained from the EOB Hamiltonian of Damour and Nagar [94] (see Appendix [3.8),

and we find that they agree.

3.7 Conclusion

We have derived the first-post-Newtonian orbital equations of motion for binary systems of bodies
with spins and mass quadrupole moments, at linear order in the spin and quadrupole, and shown
that they conserve the total linear momentum of the binary. After specializing these results to the
binary’s center-of-mass-energy frame, we have found an action principle from which the orbital
equations of motion can be derived. Finally, we considered the case in which the quadrupole moment
is adiabatically induced by the tidal field, giving a simplified Lagrangian and equation of motion for
this case, as well as the conserved energy function and the energy-frequency relationship for circular
orbits. These results are useful for the calculation of tidal effects in the gravitational wave signals

from inspiralling neutron star binaries.
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3.8 Appendix: Hamiltonian for the adiabatic orbital dynamics,
canonical transformations, and comparison with Damour and

Nagar and Bini, Damour, and Faye

Our aim here is to demonstrate the equivalence of the results for the orbital-tidal conservative
dynamics given by Damour and Nagar [94], Bini, Damour and Faye [52], and the present work. We
begin with a discussion of Hamiltonians and canonical transformations, then relate our results to
the EOB Hamiltonian given by DN (also revisited and completed by BDF), and finish by relating
the Lagrangian given by BDF to ours.

As in Sec. we consider a Lagrangian for the CoM-frame orbital separation z° = 2§ — 2! of

the form
A v 1 A
1 v? A 72 A 1 A
+*2 |:90’U4 + — <91 + 515> + — <02 + 525) + ) (93 + 535) :| + 0(674),
c T r T T r T

in units that set M = 1, and with the Lagrangian having been rescaled by the symmetric mass
ratio, £ = L/n. We have shown that the harmonic-gauge values of the 6 and & coefficients are given

by Eq. (3.6.9).

The (rescaled) momentum canonically conjugate to z° is

s

o1 20 AN | 2/ A
= UZ+2{4000211’+U<01+§15>+ = <eg+§25>] +0(c™)
C T T r r

= o'+ c%&pi(z, v) +0(c?). (3.8.2)

7

p - ot

From a Legendre transformation of the Lagrangian ﬁ(z, v), we can construct the Hamiltonian:

H(z,p) = pv —L(z,v)
= p —C%pjépf — £(z,p) + 5 2 s O

c2 OvJ

= p*—L(z,p) +0(c™?), (3.8.3)

having used §p‘(z, v) = dp'(z, p) + O(c™?). This gives



Note that the effect of the Legendre transformation has been simply to flip the sign of all terms
except the first.

In Ref. [94], Damour and Nagar consider an EOB Hamiltonian of the form

. 1 . 1/2
Hgop = " [1 +2n(Hegr — 1)] ; (3.8.5)
with /2
. A p? pi
He = E;; + A (1 + 23 , (3.8.6)

Here, p, and py are the momenta conjugate to the polar coordinates (7, ¢) in the plane of motion,
related to the Cartesian momenta used above by p, = n-p and pi /r? = p? — p2. The functions A(r)
and B(r) are coefficients in the EOB effective metric [111]; A(r) completely encodes the energetics of
circular orbits, while B(r) has effects only when p, # 0. Damour and Nagar proposed to incorporate
Newtonian and 1PN tidal effects into this EOB Hamiltonian by adding tidal terms to the radial
potential A:

Ary=1- 2 A

c2r  c2rb

(1+ ﬁ) +0(c"), (3.8.7)
for the quadrupole [ = 2 case. They have computed the 1PN tidal coefficient to be

)
o] = 5)(2. (3.8.8)

While they did not propose to modify the potential B(r) from its point-particle value of B =

1+2/c?r + O(c™), we find that such a modification,

B(r)=1+ % (1 + 50;3_)) +0(c™) (3.8.9)

for some coefficient g, is necessary to match our results. Expanding the EOB Hamiltonian with

these values for the potentials, we find a Hamiltonian of the form (3.8.4]) with coefficients

90:(1‘“7)/87 él:(l_n)/zv 92:17 §3:(1+77)/27

G =0-n)/2, &=pH, &=1+n+a, (3.8.10)

instead of the harmonic-gauge coefficients in Eq. (3.6.9)).
Without tidal effects, the EOB Hamiltonian and the harmonic-gauge Hamiltonian (which coincides

with the ADM Hamiltonian at 1PN order) are known to be related by a canonical transformation
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[111]. Considering a 1PN-order canonical transformation with generating function G,

i i, 10 i i 10
2" =z +C—28—piG(z,p), p'—=p —C—QQG(z,p), (3.8.11)

the Hamiltonian changes by

H— H+ C%{ISI, G} +0(c™), (3.8.12)

with only the Newtonian part of the Hamiltonian contributing in the Poisson bracket. We find that
the most general generating function G that preserves the form of the Hamiltonian including tidal

effects (3.8.4]), changing its coefficients but adding no new terms, is of the form

1 A
G=(z-p) (%pQ +r2 + 737~6> (3.8.13)

with arbitrary constant v coefficients. The changes in the Hamiltonian coefficients induced by the

canonical transformation are

Aby = —y1, Ab =71 —72, Aby =27+, Al =1,

A& =671 — 3, Al =127 + 673, A&z =672 + 3, (3.8.14)

If we set the EOB Hamiltonian coefficients ((3.8.10]) equal to the harmonic Hamiltonian coefficients
(3.6.9) plus the transformation parameters (3.8.14}), we find that this (redundant) system of equations

has a unique solution. The coefficients in the canonical transformation (3.8.13)) must be

7 =-n/2, o = (241n)/2, 3 =2 — 9x2/2 + 2x3, (3.8.15)

with the values for 7; and 7, matching those computed in Ref. [I11], and the parameters in the

EOB potentials must be
a1 = 5)(2/2, B(] = 3(3 - 577). (3.8.16)

The value for a; matches that given by Damour and Nagar, and the value for 5y can be used to
extend the range of validity of their EOB Hamiltonian to non-circular orbits.

We turn now to the more recent work of BDF [52]. They have derived a Lagrangian for the
orbital-tidal conservative dynamics including terms up to 2PN order. Here, we restrict attention to
the OPN and 1PN terms, specialize their results to the center-of-mass frame, and translate their

notation into ours. Their Lagrangian [whose tidal part can be found from their Eqgs. (2.12), (4.3),
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(4.4) and (4.10)] is of the form ({3.8.1)) with the same point-mass () coefficients coefficients, but

with tidal (§) coefficients

i =-x1/2+3 &=-3-33 &=-T+2x. (3.8.17)

The corresponding Hamiltonian is again given by Eq. (3.8.4)). One can then verify that a canonical
transformation of the form (3.8.13]) with

=7 =0, 73 = 3X2, (3.8.18)

using (3.8.14)), will transform their £ coefficients from Eq. (3.8.17) into ours from Eq. (3.6.9). This

demonstrates the complete equivalence of our respective results.

3.9 Appendix: Moment transformations and translational equa-

tions of motion

We present here the formulae that relate the body-frame multipole and tidal moments and the
global-frame multipole and tidal moments. Such formulae were first derived by Damour, Soffel, and
XU [29, 33, 47, [48] (see, in particular, Sec. VD of Ref. [33]). They are derived by requiring the
equivalence of the body- and global-frame metrics in the body’s buffer region B4. More specifically,
one substitutes the expansions of the body-frame potentials and the global-frame potentials
(3.3.18]), along with the coordinate transformation , into the tensor transformation law
for the metric , using to express the metrics in terms of the potentials in both
coordinate systems. Matching coefficients of the resultant multipole expansions gives the moment
transformation formulae. Having used the body-frame gauge conditions to eliminate the
worldline-data functions a4 and B4, one finds that the transformation formulae involve only the
various moments and the CoM worldlines z%. A more detailed account of the procedure is given in
RF [31] Sec. V.

After presenting the various moment transformation formulae in Secs. [3.9.1] [3.9.11, and [3.9.111],

we show in Sec. (3.9.IV)) how to use them to arrive at the translational equations of motion for an

N-body system.
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Note that all the quantities appearing below (moments and worldlines) are treated as functions
of the global time coordinate ¢ (with the argument suppressed). Any quantities originally defined as
functions of the body-frame time coordinate s4 (like the body-frame moments or the worldlines z%)
can be converted to functions of ¢ by using the coordinate transformation at yf4 = 0, which
gives
+0(c™). (3.9.1)

sqa=s%(t)=t— c_zozA(sA)‘SA:t

This change of variables does affect the forms of any equations presented here (or elsewhere in the
paper). It is important to note that our use of f(s4) and f(t) to denote the same physical quantity
differs from the convention of (e.g.) RF. There, symbols are used to denote functions of a particular

variable, not physical quantities, and f(s4) and f(¢t) would be different physical quantities.

I Body-frame multipole moments — global-frame multipole moments

First, via the metric transformation law, the global-frame multipole moments M gL 4 and ZéLA [defined

by (3.3.16)] are given in terms of the body-frame moments M% and S% [defined by (3.3.8)] and the

CoM worldlines 2%, by

22 +51=5 ;op 20+ 7P +16047

1 3 S
ML — ML - Q22 1 1 ML ey e Y J M]L
8.4 At s [ <2”A L+ )Gg’A> AT UT D@13 A T T Ur D@+ At
224171 =8 jeayr -1, 4 5 - _

_ aM J J _jk<a; gL—1>k 4 99
sl A MA T g +0(c™), (3.9.2)

. 4 . . A20=1) 5 icptaes Al o po1s B

iL iL ) L L—1ca;>i i<a; gL—1

Zga = T Ma+AvaMy - TﬂvﬁMﬁf s>t l+716] <Gl 4 0(e7?),  (3.9.3)

Recall that vf4 = 22 and af4 = féz; the accelerations afA here (and anywhere they appear in 1PN-
order terms) may be replaced here with their Newtonian values from (3.3.23)). The global-frame
monopole tidal moments Gy 4 appearing here (and needed only with Newtonian accuracy here)

can be expressed in terms of the body-frame multipole moments of bodies B # A and the bodies’

worldlines by using Eq. (3.2.14)).

The specific (nonzero) instances of these formulae needed in the M;-Ms-Ss-Q2 system are as
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follows (with My = Q% and S} = S7):

M, (3 M. 3 _
My1 = M+ —C; (211% - 72 - 273”]’“@]’“> +0(c™), (3.9.4)
My (3 , M L
Mgo = M+ 2 (27)2 - r) +0(c™),
. 1 1 16 M ik i
Mgl;72 _ g ( Qz] + o 1 ]Qz] + Zﬁljkvésk) + 0(674),

y 1 3 3M. 1T
W = 0oL [(B20) 0o Mogeigt] o,

and

i1 =AMyl +0(c?), (3.9.5)
272 = 4Movh + O(c?),

zZJ, = 207 - 2&]”“5’“ +0(c7?),

20 = wiQ) - Qe 1 o),

Here, r = |29 — 21| and n’ = (24 — 2%)/r, as in (3.3.25).

IT Global-frame multipole moments — global-frame tidal moments

Next, one can express the global-frame tidal moments Gé 4(t) and Yg’e‘(t) (def) a body A in terms
of the global-frame multipole moments M, é 4 and Zé%A (def) of all the other bodies B # A and the
all the bodies’ worldlines zé. For this purpose, rather than working directly with Gé 4 1t is easier

to work with the tensors FZ oA defined by

o 1 1 y B
Pgext = — Z il {GgLA(x - ZA)L WaQ [GgLA(w — ZA)”L]} + O(c 4)
=0
o 1 1 ’ B
- Z il {FgL,A(‘T -z + mJgLA(JU - ZA)”L} +0(c™), (3.9.6)
=0

cf. (3.3.18)). The tensor J, L ‘4 will not be needed in our calculations (and contains no extra information).

Note that FL o A and GL agree at Newtonian order,
Fg[:A = GéA + 0(6_2).

The Newtonian part of GéA is also given in Eq. (3.2.14).
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By equating the Eq. (3.9.6) and the external part of Eq. (3.3.16), one finds that F, is given by
g,A

= (—1
LA:ZZ( ‘)

B#A k=0

A 1
[NgBafKL)m_ZB, T 52 gBa§(‘<L>‘ZA - ZBI] +0(c™),  (3.9.7)

where the tensors Nglj 4 and PgL’ 4 are given by

1 CoL A Iy o
Nea = Mgt Grige [”ZxMﬁ + 204 MY+ 205 M +ai4M74L} +0(c7Y),
PEy = ME+ 2w " ME™> +1a3 M +1(1 - Do ME + 0(c 7).

Similarly, in the gravito-magnetic sector, one finds

(A) 1
g,B KL*‘ZA B (3.9.8)

gA—
B#A k=0

For the Mi-M>s-S5-Q2 system, using the non-zero global-frame multipole moments from the last
subsection, one must compute the [ = 0,1,2,3 (resp. [ = 0,1) cases of (3.9.7) and the [ = 0,1,2
(resp. [ = 0) cases of (3.9.8) for A =2, B=1 (resp. A =1, B =2). The derivatives appearing here

can be easily expressed in terms of r = |zg — 21| and n’ = (24 — 2%)/r via the identities

L>
ml _ gl 1 0t
Or r (=1)°9p ro (20+ DN LY
2 1 1(l-1) 1
Or = 7%t g1 dwa dr-);

III Global-frame tidal moments — body-frame tidal moments

Finally, the metric transformation law gives the body-frame tidal moments G% and H ﬁ (defined

by 1| in terms of the global-frame tidal moments F A and Y,”, (defined by m

First, the gravito-magnetic tidal moments can be found from
HY = ijL*le“ﬁjk,
with the tensors YZL given by

Yi' = 05k = o) (VR — v "G — UAT). (39:9)
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Here, §i% is the multi-Kronecker delta (3% 775 = T'F), and 5J.<[§L ~ is the STF projector (5;?* >TiK =

T<>) and the nonzero ’inertial moments’ A’CL are

Aé = —QGgAUfL‘,
. 3 o 4. .
AZJ = —gvgaﬂ — 2vjlajA> — gGg,AcW,
Then, the gravito-electric tidal moments are given by
1. o , .
0L L L L L 2 L L—1
"GE = Fya+ —UAg + = [Y;A> — UQY;’A + (203 —1GgA)Gg A — (l/2)vf4<ang7A >j

+(I = o GE — (P =1+ 4)a " GL — (1 - 1)!A§L>] +0(c™), (3.9.10)

forl >1and by G4 =0 for [ =0 (cf. (3.3.15c|)). The non-zero inertial moments Aé, needed here are

. . 1 1 ) .
A = ay+ 2 [ (%24 + Gg,A) ay + 51’2“{4 + 2Gg,AUf4] )
. 1 1 . .
Ag = ? <—2CLZZ]> + Ujlai‘>> .

IV Translational equations of motion

The results of Secs. [3.9.1} |3.9.11, and [3.9.111 allow one to express the body-frame tidal moments Gﬁ

and H 1{; for a given body A in terms of the body-frame multipole moments M 1% and Sé and CoM
worldlines zjé of all bodies B in an N-body system (eliminating all reference to the global frame
moments). With this done, one can find the body’s translational equation of motion, written only
in terms of the M ]_I;, Sfé, and 2%, by using the law of motion for the body-frame mass
dipole M};‘.

As the body-frame gauge condition requires M’ = 0 (fixing the body’s center of
mass-energy to the body-frame origin), one proceeds by setting the right-hand side of ([3.3.22b)) to
zero. This yields an expression for the acceleration af4 = zf4 of the body’s 1PN-accurate global-frame
CoM worldline zfél(t). To see this more clearly, we can explicitly evaluate the [ = 0 case of the first

term on the RHS of (3.3.22b|) using the moment transformation formulae presented above. The
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result is

. 1 . 1 ;
MAa‘lA = MAF7A+Z MIQGA—FCQQ-ZA_‘_CQ[ gA_UAYJA+(2UA Gg,A)G’LgA
1, 1
—5026‘7&14 — (VA + 3G a)dly §vAaA 3Gy, A’UA:| +0(c™), (3.9.11)

where g’y represents the terms on the RHS of Eq. (3.3.22b]) except for the first.

3.10 Appendix: Derivation of system mass multipole moment for-

mulae

We derive here Eq. 1 , which gives the mass multipole moments Msjg,s of an N-body system in
terms of its global frame multipole moments M’ oA and Z A This parallels the derivation given

in Sec. ) for the moments ZSZ}% We begin by using the Taylor series 1' to rewrite the

global-frame scalar potential ®, as given in Eq. (3.4.1a]) in the form

o, = -3 3! “,1! [M;A Ao+ 520 (M;Aszamx\)} (3.10.1)

p
(—1)p p! <P K K> 2 (P K K)
3 T He T Ve aﬁ+—at( & )ap|x|

To bring this into the form ([3.4.2a)), which gives ®, in terms of the system moments, we must

decompose dp|x| into its STF and trace parts. Using the identity

(1+1)(1+2) 1
yroArTe) - 10.2
20+ 3 6”6Ly | (3.102)

and making the index change P — ijL, but only in the term resulting from the trace part of dp|x|,

Dijr|w| = O<ijr>|7|

we find
0 P
(1P p! <P-K _K> 1 <P K_K>

®g = _ZZZ Pl kl(p—k) Mgy " 24 aPer at( FA >3<P>\$|

A p=0k=0

oo 1+2 l

1 (2! oy oy U+ DI+2) 0 1

52 ——20;;0p—. .10.

2c2§l0;0l+2'k'l+2 )8t< g4 ZA) 20 + 3 ]8L|x| (3.10.3)

Though the sum over [ should start at [ = —2 after P — ijL, the [ = —1, —2 terms are killed by

the (I 4+ 1)({ +2) factor. In the Zl+2 term, the k indices K are to be chosen from the [ 4 2 indices
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ijL. This term can be simplified by explicitly performing the symmetrization over all [ 4+ 2 indices;

using the fact that M A and Op|x|! are STF, we have

(Z_]L K K) ij _ 2k(l4+2—Fk) | i<l (K-1) K—1>j
k(k—1) <L—(K—2) K-2>jj 1
(+2)(1+1) &4 A aL| K

Using this identity, relabeling K — 1 — K in the first term and K —2 — K in the second term, and

adjusting summations appropriately, we find that the second line of (3.10.3)) can be written as

1

2 j<L-K K>j <L-K _K>jj

2l+3 02212; ! k.l_ )3 (2M 20 T+ Mgy N2y )8Lm. (3.10.5)
0 0

Finally, we can compare ([3.10.3) (with the second line replaced by (3.10.5))) to the expression for ®g4

given in (3.4.2a)); we see that the system’s 1PN-accurate mass multipoles must be given by

11 :

<L-K K> 2 J<L— K >] <L-K K>]j

My, szw— .[M +?22(214r:’>)8 (2MgA Mg Az )]
A k=0

_i 20+1
2 (+1)(20+3)

as in Eq. (3.4.6)).

il +0(c™),
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CHAPTER 4

FIRST-POST-NEWTONIAN TIDAL EFFECTS
IN THE GRAVITATIONAL WAVEFORM FROM
BINARY INSPIRALS

The gravitational wave signal from an inspiralling binary neutron star system will contain detailed
information about tidal coupling in the system, and thus, about the internal physics of the neutron
stars. To extract this information will require highly accurate models for the gravitational waveform.
We present here a calculation of the gravitational wave signal from a binary with quadrupolar tidal
interactions which includes all post-1-Newtonian-order effects in both the conservative dynamics
and wave generation. We consider stars with adiabatically induced quadrupoles moving in circular
orbits, and work to linear order in the stars’ quadrupole moments. We find that post-1-Newtonian
corrections increase the tidal signal by approximately 20% at gravitational wave frequencies of 400

Hz.

4.1 Introduction

I Background and motivation

Inspiralling and coalescing binary neutron stars are key sources for ground-based gravitational
wave (GW) detectors [59]. An important science goal in the detection of such sources is to obtain
robust information on the highly uncertain equation of state (EoS) of neutron star matter [14].
The effects of the EoS on the GW signal are largest during the late inspiral and merger stages of

binary evolution, at GW frequencies 2 500 Hz, and the strong gravity and complex hydrodynamics
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involved in these regimes require the use of fully relativistic numerical simulations for their study
(see e.g. Refs. [19] 15] and references therein). A small but clean EoS signature will also be present
in the early inspiral waveform, at frequencies < 500 Hz within LIGO’s most sensitive band, arising
from the effects of tidal coupling [91]. The relative weakness of orbital gravity in this regime makes
it possible to construct good approximate waveforms using post-Newtonian-based analytic models
[21].

For point-particle models of binary inspiral, analytic gravitational waveforms have been computed
to 3PN accuracy [97], and spin effects have been computed to 2PN accuracy [1 12][| More recent
efforts to improve the analytic description of neutron star binary GW signals by including tidal
effects began with Refs. [91], B4], which used a leading-order model of the tidal coupling and GW
emission to demonstrate the potential feasibility of measuring EoS effects in inspiralling neutron
stars in the low frequency (< 400 Hz) regime with Advanced LIGO. (See also Refs. [I113], 93] for
earlier analyses of tidal effects in inspiralling binaries.) The tidal contribution to the GW signal
computed in Ref. [91] depends on a single tidal deformability parameter A\, which characterizes the
star’s deformation response to a static (or adiabatically changing) tidal field and which is sensitive
to the star’s FoS.

The quadrupolar tidal deformability A was defined in a fully relativistic context and calculated
for a variety of EoS models in Refs. [91], 34] B35, 87, B6], and Refs. [37, [36] extended the analysis
to include higher-multipolar tidal responses of both electric- and magnetic-type. It was found in
Ref. [35] that Advanced LIGO should be able to constrain the neutron stars’ tidal deformability
to A < (1.2 x 1037 gem? s?)(D/100 Mpc) with 95% confidence, for a binary of two 1.4 My neutron
stars at a distance D from the detector, using only the portion of the signal with GW frequencies
less than 400 Hz. The calculations of A for a 1.4 Mg neutron star in Refs. [34) 35], 37, 36], using
several different equations of state, give values in the range 0.03-1.0x1037 g cm? s?, so nearby events
may allow Advanced LIGO to place useful constraints on candidate equations of state.

To detect or constrain the tidal deformability A will require models for the tidal contribution to
the GW signal that are accurate to <10%, much less than the current uncertainty in A. References

[91], 35] estimate the fractional corrections to the tidal signal at GW frequencies below 400 Hz due to

—2n

I The shorthand nPN, for post-n-Newtonian, is used to describe corrections of order ¢ relative to

Newtonian gravity, where c is the speed of light.
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several effects neglected by the model of the GW phasing used in Ref. [91], namely, non-adiabaticity
(<1%), higher multipolar tidal coupling (<0.7%), nonlinear hydrodynamic effects (<0.1%), spin
effects (<0.3%), nonlinear response to the tidal field (<3%), viscous dissipation (negligible), and
post-Newtonian effects (S10%). The largest expected corrections, from post-Newtonian effects in
the orbital dynamics and GW emission, are thus essential for an accurate analysis of the tidal signal.
These corrections will depend on the neutron star physics only through the same tidal deformability
parameter A\ used in the Newtonian treatment and thus can be easily incorporated into the same
data anaysis methods used in the Newtonian (tidal) case.

The extension of the tidal signal calculation to 1PN order was recently discussed in Ref. [94] by
Damour and Nagar (DN). Working within the framework of the effective-one-body (EOB) formalism,
DN gave a complete description of the 1PN conservative dynamics of tidally interacting binaries in
circular orbits, parametrized the forms of further 1PN corrections to the GW emission, and made
comparisons with numerical simulations (see also Ref. [06]). The 1PN conservative dynamics has
also been recently studied in Ref. [I14] by Vines and Flanagan (VF). Working from the formalism
for 1PN celestial mechanics developed in Refs. [29] 33] and extended by Ref. [31], VF found the
explicit equations of motion and action principle for generic orbits and generic evolution of the
bodies’ quadrupoles. Specializing to adiabatically induced quadrupoles and circular orbits, the
results of VF agree with those of DN for the 1PN conservative dynamics. The construction of the
1PN metric given by VF also allows for explicit computation of the binary system’s 1PN-accurate
mass multipole moments.

In the present paper, we use the results of VF [I14] to derive the 1PN-accurate GW signal from
an inspiralling binary with quadrupolar tidal interactions. Working to linear order in the stars’
quadrupole moments, and using adiabatically induced quadrupoles and circular orbits, we compute
the binary’s binding energy and GW energy flux and use them to determine the phase evolution
of the emitted GW signal in the stationary phase approximation. The results presented here can
be used to extend the validity of analytic GW signals to higher frequencies, and to provide useful
information for hybrid schemes that attempt to bridge the gap in frequencies between analytic
inspiral models and the start of numerical simulations, such as the EOB formalism of Ref. [94].
Our expressions for the orbital equations of motion and binding energy may also be useful for the

construction of quasi-equilibrium initial data for numerical simulations [115]. We note that the 1PN
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corrections calculated here slightly improve the prospects for detection of tidal effects in binary GW
signals, as they increase the tidal signal by ~ 20% at GW frequencies of 400 Hz. The studies in
Refs. [99, [96] have recently made use of our results in making assessments of the measurability of

tidal effects and in calibrating analytic models against numerical sumulations.

II Organization

The organization of this paper is as follows. In Sec. we briefly state the key results of Ref. [114]
for the 1PN conservative dynamics of a binary in which one member has a mass quadrupole moment.
We specialize to the adiabatic limit and circular orbits and compute the gauge-invariant binding
energy as a function of orbital frequency. In Sec. we consider the gravitational radiation and
obtain the 1PN tidal corrections to the radiated energy flux. We then compute the resulting 1PN
tidal corrections to the phase of the Fourier transform of the waveform in the stationary phase

approximation and conclude in Sec. [£.4] with a short discussion of the results.

IIT Notation and conventions

We use units where Newton’s constant is G = 1, but retain factors of the speed of light ¢, with 1/c?
serving as the formal expansion parameter for the post-Newtonian expansion. We use lowercase latin
letters a, b, 1, j, ... for indices of spatial tensors. Spatial indices are contracted with the Euclidean
metric, viw® = 5ijfuiwj , with up or down placement of the indices having no meaning. We use angular
brackets to denote the symmetric, trace-free projection of tensors, e.g. T<®> = T(ab) _ %(Wchc. We
also use multiple indeces to denote tensorial powers of vectors, e.g. v"/ = vivd, n<Wk> = p<ipipk>

etc.

4.2 Conservative dynamics in the adiabatic limit

In this section we briefly review the key results of VF [I14] concerning the 1PN conservative
dynamics of a binary system with quadrupolar tidal coupling. For simplicity, we consider a binary
composed of one point-mass (body 1) and one deformable star (body 2). Since we consistently work

to linear order in the quadrupole, our results can be easily generalized to the case of two deformable
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bodies by interchanging body labels. The binary’s orbital dynamics can be formulated in terms of
the separation (three-)vector z¢ = z4 — 2i between the bodies, the bodies’ masses M; and My, and
the quadrupole moment Q;j of body 2.

The 1PN-accurate worldlines x% = z4(¢) and 2° = 24(t) of the bodies’ centers of mass-energy and
their separation 2(t) = zi(t) — zi(t) are defined in a ‘global’ 1PN coordinate system (¢,z%). The
global coordinates are conformally Cartesian and harmonic, and they tend to inertial coordinates in
Minkowski spacetime as |x| — oo. Also, the binary system’s center of mass-energy is taken to be at
rest at the origin 2' = 0 (the system’s 1PN-accurate mass dipole moment is set to zero), so that
the (t,z") coordinates correspond to the center-of-mass-energy frame of the system. We use the

following notation for the relative position, velocity, and acceleration:

with dots denoting derivatives with respect t.
We take M; and M5 to be the bodies’ conserved rest massesﬂ and we define the total mass M,

mass fractions x1, x2, reduced mass u, and symmetric mass ratio n by

M:Ml—l-MQ, Xlel/M,

X2 = Ms/M, pu=nM = xi1x2M. (4.2.1)

Note that there are only two independent parameters among these quantities; we will tend to express
our results in terms of the total mass M and the mass fraction yo of the deformable body, unless
factorizations make it more convenient to use y; =1 — x2 or n = x1X2.

The tidal deformation of body 2 is described by its 1PN-accurate Blanchet-Damour [49] mass
quadrupole moment Qéj (t). We will work in the limit where the quadrupole is adiabatically induced
by the tidal field; i.e. we assume that the quadrupole responds to the instantaneous tidal field
according to

J(t) = AGY(t). (4.2.2a)

ZNote that the mass Ms used here is not the 1PN-accurate Blanchet-Damour [49] mass monopole moment
(which was called Ms in VF [114]); rather, the My used here is the conserved part of the BD mass monopole
(called "My in VF [114]). The full 1PN-accurate monopole also receives contributions from the body’s internal
elastic energy (and from the tidal gravitational potential energy), which for a deformable body, will vary as
tidal forces do work on the body. The effects of these time-dependent contributions to the monopole have
been separately accounted for in the Lagrangian , and the mass My appearing there is constant.
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Here, the constant A is the tidal deformability and Géj (t) is the quadrupolar gravito-electric DSX
[33] tidal moment of body 2 which encodes the leading order (I = 2) tidal field felt by body 2. For

the binary system under consideration, the tidal moment is given by

2
GJ = 73X13M n<i> 4 %3X13M [ <21)2 - %ﬁ 0 _2"2 M> n<i>
T ctr r
+o<H> (3 - X%)m<ivj>] +0(cH + 0. (4.2.2b)

With the quadrupole given by Egs. (4.2.2) in the adiabatic limit, the only independent degree of
freedom is the binary’s relative position z¢(t). It was shown by VF [114] that the evolution of z*(t)

is governed by the Lagrangian

, 2 M A
L] = % + NT (1 + 7«5> + C“Q{eoq/l (4.2.3)

M A A M A
+— [vQ (01 + 515> + 72 (92 + 525> + = (03 + 635> ] } +0(c™) + 0(\?),
r T r r r
with A = (3x1/2x2)A, and with the dimensionless coefficients
90:(1—37’])/8, 91:(3—|—17)/2, 92:7’]/2, 93:—1/2,
&=01/2)(B+x2), &=-31-6xa+x3), &=-T+5x2. (4.2.4)

The orbital equation of motion resulting from this Lagrangian, via (d/dt)(0L/0v") = OL/07", is

given by
o = —Mrni (1 + i{,}) + Cz—ﬂf? [v%" <¢1 + <171}5> + 2 (@ + CQT{;)
+¥n" <¢3 - @,;\5) + 7ot <¢4 - <4;\5> } +0(c™) +0(\?), (4.2.5)
with coefficients
¢1 =400 — 01 — 209,  dy =309, b3 =2(01 + 0y —03), Ps = 2(460 + 61), (4.2.6)

G =2(120) — 361 — &), (=88, (3=1201+1205+2& + 26 — 783, (4= 12(46p + &1),
The conserved energy constructed from the Lagrangian is
E = 2'9L/ov' — L (4.2.7)
= LUZ _ M (1 + A> + M{390v4 + M [UQ <91 _|_§1A>
2 r 7P c? r 7o

+72 <92 + &ﬁ) M (93 + &,ﬁ) ] } +0(ch) + 0\,

r

3The tidal deformability is related to the dimensionless order-unity Love number ks [93] and the star’s
areal radius R by A = 2kyR° /3.
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which is a constant of motion of the equation of motion (4.2.5).
The orbital equation of motion (4.2.5)) admits solutions of the form

2(t) = rn'(t) = r(cos(wt), sin(wt), 0), (4.2.8a)

2 2

with 7 = 0, v?2 = r2w? and o' = —rw?n’, corresponding to circular orbits in the z-y plane with
frequency w. For later convenience, we introduce the unit vector ¢ in the direction of the velocity

v®, which satisfies
F=v=rwg¢', A'=w¢, §=-wn’, ¢ =0, (4.2.8b)

for circular orbits. Working to linear order both in the post-Newtonian parameter ¢=2 and in the
tidal deformability parameter A\, Eqs. (4.2.5) and (4.2.8) yield the radius-frequency relationship

M3 3x1¢ n—3 X1 <
= — |1+ A4+ —ax— ZF—(6—26 2) a2\ O(c™* O(\?). 4.2.9
(w) 273 + o + T s ( X2+ x3) #A| + O(c™*) + O(\?) ( )

Here, we have introduced the w-dependent dimensionless quantities

/\w10/3 (Mw)2/3
X

A M5/3 2

(4.2.10)

which characterize the fractional corrections due to tidal effects and to post-Newtonian effects. We
note that the parameter )\ takes values in the range ~1 - 8 x107° for two 1.4M,, stars at orbital
frequencies of 200 Hz, given the range of A\ values from Ref. [35], while x ~ 0.07. Using Egs. ,
(4.2.8) and , we can also find the gauge-invariant energy-frequency relationship for circular
orbits:

1 9. 947 11
E(w) = p(Mw)*? —§+2—§;A+Tnx+ 4;21

(34 2x2 4 3x2)zA| + O(c™) + O(\?). (4.2.11)

This expression for the binding energy can be directly compared with Egs. (37,38,50-57) of DN [94],
and indicates that their parameter & giving the 1PN tidal contribution to the binding energy should
have the value &) = (11/18)(3 + 2x2 + 3x3) instead of 55x2/18 (note the the quantity denoted here

by x2 is denoted by X4 in DN [04]). For the case of equal masses (x1 = x2 = 1/2, n = 1/4), the
binding energy (4.2.11f) simplifies to

M5/3,2/3 37 < 209
Bw=-— " 1-"2-1 14+ == .
(w) S [ 150 8A < + = a:)]

For orbital frequencies of 200 Hz (GW frequencies of 400 Hz) and total mass M = 2.8My, the 1PN

fractional correction to the Newtonian tidal term in the binding energy is (209/72)x ~ 19%.
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4.3 Gravitational radiation

The energy flux from the binary due to gravitational radiation is determined by the time variation
of the binary system’s multipole moments [21]. The flux E to 3.5PN-order (or to 1PN-order relative
to the leading 2.5PN flux) is given in terms of the total system’s mass quadrupole moment Qg,s(t),

current quadrupole moment Sgs(t), and mass octupole moment Qé{,’;(t) by

: 1
b= 7< PQU)? — o (RQUEEY
45 7(at S;gzs) +O(C_ )7 (431)

cf. Eq. (223) of Ref. [21].

The binary system’s multipole moments can be computed from the asymptotic form of the global
metric, as in Sec. IV of Ref. [114]. The mass quadrupole Qéjyg, which is needed to 1PN accuracy in
the flux formula (4.3.1)), can be found from Egs. (4.6,4.5,B4,B5,6.1) of VF [114]; the result is

2
g g . r . A A M A
g’s = ZQJ + ,ur2n<”> + /1;2{“<z]> [UQ (7'1 + 0'1r5> + <7'2 + 0'2T5> + o <7'3 + 037“5> ]
y A . A
+ou<H9> (7‘4 + 045> + rn<t?” (7‘5 + 055> } +0(c™) +0(\?), (4.3.2a)
r r

where the 1PN-accurate body quadrupole Qéj is given by Eqgs. ll above and the dimensionless

7 and o coefficients are given by
=(29/42)(1=3n), m =0, 73=(1/T)8n—5), 7a=(11/21)(1 - 3n),
= /T)(Bn—1), o01=13x7/Tx2, o2 =185x]/14x2, (4.3.2b)
o3 =—(3x1/14x2)(8 + 23x2 + 13x3), 04 =38x1/Tx2, 05 = —151x7/Tx2.
This result holds for generic orbits (in a binary where body 2 has an adiabatically induced quadrupole).
Using Egs. for the body quadrupole, Eqs. to specialize to circular orbits, and the

radius-frequency relationship (4.2.9), the system quadrupole simplifies to

o MM < (14 00h + 760 + 3620) + 659 (maa + o7 ) | + 0 +0(N2), (43.30)
sSys w4/3 n 70 T6x g6 Tax ort ¢ ’ o

with 74 as in Eq. (4.3.2b)), and with

og = (3/)(2)(3—2)(2), Te = —(85+1177)/42,
06 = (1/14x2)(4 + 56x2 + 264x3 — 219x3),

o7 = (1/7x2)(103 — 252x2 + 3023 — 132x3).
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The expression (4.3.3a)) for the total quadrupole determines the unknown 1PN correction coefficient
introduced in Eq. (71) of DN [94] [
Similarly, the system’s mass octupole and current quadrupole, which are needed only to Newtonian

order, are given by

.. .. 9 A
ng]; = pur3n<ik> [(Xl —X2) + )?217"5} (4.3.4)
M? 18%2 «
= Lt [(Xl - X2) + Xl)\] :
w X2
and
.. .. 9 A
S§s = prPetSinih! [(xl —x2) + 2275] (4.3.5)
M? i s 9Ix1(3 — 4x2) <
= DT ki<ipi>h gl [(Xl o) + Xl(X?))\] _
w 2x2

Here, the first equalities hold for generic orbits, and the second equalities hold for circular orbits;
also, both Qg,lg and SZ are subject to O(¢™2) + O(A2) corrections.

Having gathered the expressions , and for the system multipole moments,
we can insert them into the flux formula . Using also Eqgs. to for the time derivatives of
n' and @' (which are the only time-dependent quantities in the final expressions for the multipoles),
and working out the STF projections and contractions (e.g. n<¥*>n<4+> —= 2/5) using the STF

identities from (e.g.) Ref. [31], we find the GW energy flux from the binary to be given by

- 32 1247 351 6(3 — 2x2) <
E = b2 (= 22t =2 AN 4.3.6
() 517 336 T 12 )T T g (4.3.6)
+ ( 704 — 18032 + 4501y2 — 2170;@) 2A+0(c3) + 0(\2)].
28)(2

The coefficients for the 1PN point-mass (second) and Newtonian tidal (third) terms match those
given in Refs. [21], O1].
Using energy balance and the stationary phase approximation [59, [60], the Fourier transform of

the gravitational waveform can be written as h = Ae™, with the phase 9(w) determined from the

4The parametrization of the tidal contribution to the system quadrupole given in Eqs. (68-71) of DN
[94] does not quite match the form given in Eq. here, as no ¢<¥> term is included. Also, their
parametrization leaves some dependence on the radius r, while ours eliminates r in favor of the gauge invariant
quantity w. Still, as the coefficients of 2An<%> and 2A¢<%> in our Eq. end up additively combined in
the final contribution to the energy flux, one could in principle determine an effective value for the coeflicient
B1 in Eq. (71) of DN [94] that would lead to the correct flux E.
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binding energy F(w) and flux F(w) as functions of the orbital frequency w by the relation

d*  2dE

w —_— E%- (4.3.7)

Taking F from Eq. 1' finding dE/dw from a derivative of Eq. (4.2.11)), and integrating twice

(dropping unimportant integration constants) yields the phase:

3 N .
P(w) = ———7 |1+ %o1A+ 1oz + Y11zA + O(c?) + O(N?) (4.3.8a)
12812 5/2
3P Aw10/3 (Mw)2/3 Aot
= ——— 11 i W)™ O(c=3) + O(\2
128”(]\4@5/3[ + %01 IElE + 10 =2 +U)1,1M02 +O0(c™°) + O( )},
with coefficients
24 20 (743 11n
=-— 0+ =l oae + 1 4.3.8b
Yo,1 X2( + 11x1), 1,0 9 (336 + ) : ( )
Y11 = (3179 — 919x2 — 2286x2 + 260x3) .

- 28x2

The above results concern a binary where only one body (body 2) develops a tidally induced
quadrupole, with quadrupolar tidal deformability Ao = A. For the case of two deformable bodies,
the contribution to the tidal signal from the other body (body 1) can simply be added to the phase
by interchanging body labels (1 <+ 2) in the tidal terms. For the case of equal masses and identical

equations of state, M} = My = M /2 and Ay = A2 = A, the phase correction is

The 1PN correction increases the tidal signal by ~ 17% at gravitational wave frequencies of 400Hz
for M = 2.8M,.

From the expressions and for the gravitational wave luminosity E(w) and
the binding energy E(w), it is straightforward to construct the phase ¢(t) of the time-domain
gravitational waveform based on the various PN Taylor approximants used in several approaches to
interfacing analytical and numerical relativity [116]. We provide here the explicit expressions for
the Taylor T4 approximant, in which the function F = E/(dE/dz) is expanded in a Taylor series
and the differential equations

dr dy

ar _ 4P _ 5,302
o =F =2/, (4.3.9)
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are integrated numerically [with = as in (4.2.10)]. The tidal contribution to the function F1* adds

linearly to the 3.5PN point mass terms and is given to 1PN order by

T4 32x1M2

4421 12263 1893
‘Ftidal - 5M6 -

28 05 2T 5

12(1411x;) 20 + ( X3 — 661;@) xll] + (1 ¢ 2). (4.3.10)

We note that the Newtonian and 1PN tidal terms in the expressions (4.3.8)) and (4.3.10) for the

waveform phasing are formally of 5PN and 6PN orders, having the same frequency dependencies as
2® and 28. However, the coefficients of the tidal terms are not of order unity, but rather scale as
(R/M)® ~ 10°, where R and M are the stellar mass and radius (see footnote 3). As discussed in
more detail in Refs. [93] [94], 99, [96], this makes the magnitudes of the tidal terms comparable to those
of 3PN-order and 3.5PN-order point-mass terms, which have also been computed analytically and
are now routinely included in waveform templates [97]. We also note that including the 1PN tidal
terms presented here in waveform templates will (slightly) change the constraints on A\ achievable
by Advanced LIGO quoted in the introduction. We refer the reader to Refs. [99, [06] for analyses of

the measurability of tidal effects in inspiral waveforms including 1PN tidal terms.

4.4 Discussion and Conclusions

We have provided the 1PN accurate description of quasi-circular binary inspiral with quadrupolar
tidal coupling and obtained the 1PN tidal contributions to the phasing of the emitted gravitational
radiation in the low-frequency, adiabatic limit. Our results show that 1PN effects increase the tidal
corrections by approximately 20% at gravitational wave frequencies of 400 Hz in the case of two
1.4Mg stars. These results should be of use in constructing GW measurement templates and can be
easily be incorporated into the EOB formalism as discussed by DN [94]; the unknown coefficients
introduced by DN pertaining to 1PN quadrupolar tidal effects have been determined here. Our
results for the 1PN tidal corrections to GW generation have been used in Refs. [99, 06] in making
comparisons between numerical simulations and analytic models of the inspiral waveform and in
assessing the measurability of tidal effects.

While we have restricted attention here to the case of circular orbits, the results necessary to
compute the GW signal for generic orbits can all be found in this paper. This work could also be
extended to consider 1PN tidal coupling at higher multipolar orders; the necessary machinery (and
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the template of the quadrupolar case) is fully contained in VF [114].
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