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Abstract.

Even if there is no gauge invariant definition of eccentricity, it has an important
impact on the observed gravitational wave signal of such systems, generating power in
all possible harmonics of the orbital period. We here clarify the possible discrepancies
between different eccentricity parameters used to describe the orbital dynamics
of binary systems across different approximations, specifically the post-Newtonian
approximation, the self-force approximation, and numerical relativity. To this end,
we highlight disparities between the typically used orbit averaged method of evolving
binary systems under radiation reaction, and more direct techniques of solving the two-
body problem in post-Newtonian theory. We show, both numerically and analytically,
that the orbit averaged method breaks down in the late inspiral, failing to capture a
strong secular growth in the Keplerian eccentricity parameter and producing a orbital
de-phasing relative to direct integration of the two-body equations of motion. We
show that the secular growth and de-phasing affect the observed gravitational wave
signal, which could bias how accurately we may recover parameters for systems with
signal-to-noise ratios 2 100. We further develop a frequency domain post-adiabatic
waveform model to capture these effects, and study the precision to which we may
estimate parameters with this model through a Fisher information matrix analysis.
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1. Introduction

Gravitational waves (GWs) from compact binary systems have provided us with a
keyhole through which to observe the Universe, and with new detectors both planned
and in development, that keyhole is only expected to expand [1, 2, 3, 4, 5, 6]. From
a theoretical perspective, GWs, particularly from binary systems, have been studied
extensively over the past fifty years. The existence of GWs was inferred indirectly for
the first time through observations of the Hulse-Taylor binary [7], a system composed of
a neutron star (NS) and a pulsar. By accurately, tracking the arrival time of the pulses
over several decades, Taylor & Weisberg were able to show that the orbital period of the
binary was decaying in a manner fully consistent with the prediction of GW emission
from General Relativity [8, 9, 10, 11].

As of today, the Hulse-Taylor binary exists in an elliptical orbit with eccentricity of
e ~ 0.7. The effect of radiation reaction on such binary systems was first calculated by
Peter & Mathews [12, 13], who showed that the rates of energy and angular momentum
loss cause the eccentricity to decay as the binary inspirals. A straightforward calculation
using these results reveals that by the time the Hulse-Taylor binary enters the detection
band of ground-based GW detectors, the binary’s eccentricity will be e ~ 107° [14].
Currently, ground-based detectors are expected to be able to measure eccentricities of
e > 1072 [15, 16, 17, 18]. For all intensive purposes then, the Hulse-Taylor binary would
be effectively circular and could be recovered using circular GW templates by the time
it begins to emit GWs in the detection band of ground-based detectors.

Systems such as the Hulse-Taylor binary provided the following picture: widely
separated binaries, even with large (close to unity) eccentricity, will “circularize” by the
time they emit GWs in the frequency band of ground-based detectors. This was the
canonical view of binary sources for many years, until recent population synthesis studies
began to question the canon. These studies have shown that although most sources will
indeed be approximately circular, globular clusters and galactic nuclei could host a
non-negligible population of moderate (e > 0.1) and high (e ~ 1) eccentric binaries
that emit in the band of ground-based detectors [19, 20, 21, 22, 23, 24, 25]. Currently,
LIGO [26, 27, 28] and Virgo [29, 30] are not sensitive enough to allow for the extraction
of small eccentricities, and thus, the roughly dozen current detections are fully consistent
with circular binaries. But as detectors are improved, future observations could allow
for the extraction of eccentricity, and thus, provide us with one more piece of the puzzle
to elucidate the origin of the currently observed systems.

The very notion of eccentricity in tight compact binaries, however, is difficult to
define because in General Relativity elliptical orbits do not close. In Newtonian gravity,
orbits close between consecutive pericenter passages and orbital eccentricity is a well
defined parameter associated with the ellipticity of the orbit. In General Relativity,
elliptical orbits undergo precession of periastron and, thus, do not necessarily close
unless the ratio of the orbital period to the precession timescale is a rational number.
Further, GWs induce dissipation of the system, and so, even in the absence of precession,
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the binary’s orbit does not, in general, close. The typical Newtonian notion of orbital
eccentricity is, thus, not well defined in General Relativity.

There are, however, multiple ways of solving the binary problem in General
Relativity, and multiple ways of defining eccentricity in specific orbital parameterizations
that resemble the Newtonian definition. The post-Newtonian (PN) formalism [31,
32, 33, 34, 35] seeks to solve the Einstein field equations in a slow motion, weak
field expansion, specifically v?/c? ~ GM/c*R < 1, where M, R, and v are the
characteristic mass, length, and velocity of the system. The binary problem in the
PN formalism has been well studied [36, 37, 38, 39, 40|, with the equations of motion
generically written as @ = f;ons + ﬁnss, where @ is the relative acceleration of the binary,
feons = fn + O(c™2) is the conservative (time-reversal even) part of the relative force,
and ,fT(;iss =" fz,g)PN + O(c™7) is the dissipative (time-reversal odd) part of the relative
force due to radiation reaction. The problem is then to find a solution for the binary’s
motion under these equations of motion.

Generally, the method of solving the PN equations of motion for binary systems is
to first solve for the binary’s motion in the absence of GW emission, and then to use
perturbation theory to promote the parameters of said orbit, such as the orbital energy
and angular momentum, to functions of time. The orbit can be described in two different
ways. We will refer to the first as the Lincoln & Will formalism [41, 42, 43], where
the orbit is treated through a Newtonian parameterization. The Newtonian orbital
parameters, such as the semi-latus rectum p and eccentricity e, are then promoted to
functions of time that change due to a perturbing force (Sﬁc)ns = ¢ 2 ﬁpN + O(c™),
in exactly the same way radiation reaction is treated. This method benefits from
having only one parameter that is interpreted as eccentricity, but suffers from the
fact that circular and parabolic orbits do not necessarily correspond to e = 0 and
e = 1, respectively. The second is the formalism of Damour & Deruelle [44, 45], also
known as the quasi-Keplerian (QK) formalism [46, 47, 48, 49, 50], which obtains a PN
accurate parameterization of the orbit by solving @ = f_;ons analytically order by order
in a PN expansion. The QK formalism has three eccentricities: the time eccentricity e,
(associated with the orbital period), the radial eccentricity e, (associated with the radial
motion), and the azimuthal eccentricity ey (associated with the azimuthal motion),
which take the appropriate limit for circular orbits, i.e. e, = e, = €4 = 0.

Complementary to the PN formalism, the self-force formalism [51] seeks to solve
the Einstein field equations to all orders in the orbital velocity, but in a small mass
ratio expansion. This formalism is suitable for extreme-mass-ratio inspirals (EMRIs),
in which a small compact object zooms and whirls into a supermassive one, as it emits
GWs. To leading order in the mass ratio, the small object behaves like a test mass
moving in the background generated by a Schwarzschild or Kerr black hole, and its
trajectory is described by a geodesic of the background geometry [52]. At next order in
the mass ratio, the spacetime is perturbed by the smaller mass, with the perturbation
generating the emission of GWs, which causes back reaction on the orbit and for the
small mass to inspiral into the supermassive BH [53, 54]. This (leading-order dissipative)
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self-force on the small mass, like in the PN formalism, leads to the equations of motion
a = ffgg + ]‘%F, where ]‘%G is due to the curved background spacetime of the massive
object, and ng is the (dissipative) self-force acting on the smaller mass.

To solve for the evolution of EMRIs, one must simultaneously solve the equations of
motion of the small mass and the perturbations to the spacetime metric, a complicated
problem due to the presence of many disparate scales that need to be resolved in
the problem. These systems of equations are commonly solved using computational
methods [55, 56, 57, 58, 59, 60, 61], as well as perturbative approaches, such as
the self-consistent approximation [62, 63] and multiscale expansions [64, 65, 66, 67].
Eccentricity parameters can be constructed from geodesic motion, regardless of the
background. A similar method to the Lincoln & Will formalism was employed by Pound
& Poisson [68, 69, 70] to calculate a time varying eccentricity of the smaller body’s orbit.
Contrary to the usual behavior of the eccentricity parameter in the PN radiation reaction
problem, the eccentricity parameter in the self-force formalism exhibits growth near the
separatrix in the adiabatic limit [71].

Separately, numerical relativity (NR) [72] seeks to solve the full Einstein field
equations numerically. This method relies on a 341 decomposition where the spacetime
manifold is foliated with spacelike hypersurfaces [73], and the field equations and
locations of punctures are solved for on each hypersurface. No orbital parameterization is
assumed in this method. Historically, eccentricity was considered an undesirable feature
in NR simulations for two reasons. First, the importance of eccentricity to GW sources
for ground based detectors is only a recent development. Second, eccentricity introduces
additional scales to the problem, specifically the periastron timescale, which can be
orders of magnitude smaller than the orbital period if the eccentricity is sufficiently close
to unity. The presence of such small timescales can complicate numerical simulations,
since it requires very fine resolution to probe the smallest scales in the problem. However,
the development of initial data for quasi-circular binaries proved to be complicated, since
the radial velocity of the binary typically has a non-zero oscillatory piece for general
initial data, indicating the presence of eccentricity. Methods have been developed
to approximate the eccentricity, which are applied to eccentricity reduction methods,
whereby initial data is varied to reduce this eccentricity parameter to below the level
of numerical error [74, 75, 76, 77]. Along with the active research pursuing eccentricity
in source populations, recent simulations have sought mergers of eccentric binaries, and
advances in algorithms and hardware have made such simulation possible with even
moderate eccentricity [78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89].

While these methods are distinct, observables should agree in a suitable overlapping
region of the approximations. Eccentricity is, however, not a gauge invariant quantity,
and these methods need not agree on the behavior of the eccentricity as the binary
inspirals. Further, even in the PN formalism of the two-body problem, different
approximations do not agree on the behavior of the eccentricity under radiation
reaction. For example, in the PN formalism, one usually orbit averages the GW
fluxes of energy and angular momentum, which cause the eccentricity to monotonically
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decrease. However, if one does not work in this orbit-averaged approximation, and
instead calculates the effect of radiation reaction in a multiple scale analysis, one finds
that the eccentricity can grow secularly in the late inspiral [90], which is also seen
within the self-force formalism. Yet, this seemingly disagrees with well known results in
numerical relativity simulations, specifically that the eccentricity decrease throughout
the coalescence. While eccentricity may itself not be a gauge invariant quantity, it does
have an observable effect of the GWs emitted by the binary system. How does one
reconcile these differences between formalisms and approximations in an unambiguous
way? This work seeks to clarify the notion of eccentricity in inspiraling binaries and its
impact on the observable GW signal.

1.1. Ezecutive Summary

We here extend the discussion that we started in [90], related to the presence of
secular growth in eccentricity in the relative-Newtonian-order radiation reaction (rN-
RR) problem. Our goal is to provide a more in depth description of this effect, provide a
mathematical framework for the computation of secular growth in inspiraling binaries,
and determine its potential impact on GW observations. Primarily, we work in the
PN formalism, but provide comparisons to both self-force and NR calculations where
suitable and possible.

We consider the evolution of binary systems in different approximations of the
rN-RR problem, where ﬁ;ons = —(M/r?)ii and ﬁjiss = fé,g,pN. First, we numerically
evolve the trajectory through the acceleration equation a@ = ﬁons + ﬁhss to obtain
the relative coordinates as a function of time. Complementary to this, we compute
the evolution of the binary using the method of osculating orbits, where the orbits
are treated as Keplerian ellipses, with their parameters functions of time rather than
constants. Finally, we consider the orbit-averaged approximation, which hinges on the
averaged balance laws, specifically, that the average GW fluxes must be balanced by
the rate at which orbital energy and angular momentum are lost by the binary. By
directly comparing the trajectories computed via these three different methods, we show
that there is a dephasing of the orbit-averaged solution relative to the direct numerical
integration of the acceleration equation for systems with small, and even vanishingly
small, initial Keplerian eccentricity. Further, this comparison reveals that the osculating
trajectory agrees with the direct numerical integration to double precision, even though
the Keplerian eccentricity experiences a strong secular growth in the late inspiral. This
indicates a breakdown in the orbit-averaged approximation in small eccentricity binaries
that has not been previously considered.

Once we establish the breakdown of the orbit-averaged approximation, we develop
the analytic framework necessary to describe the evolution of the binary beyond this
simple approximation. We work in a multiple scale analysis (MSA), where we use
the fact that the orbital period 7., of the binary is much shorter than the radiation
reaction timescale Tyr. This allows us to work perturbatively in ( ~ To/Trr <
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and solve for the evolution of the Keplerian orbital elements, such as the Keplerian
eccentricity, as functions of time analytically. This also allows us to develop a post-
adiabatic approximation for the rN-RR problem, with the leading order solution, called
the adiabatic approximation, being consistent with the orbit-averaged approximation.
First-order, post-adiabatic corrections then scale as O((), while second-order terms
scale as O(¢?), and so on. Since we are most interested in the small eccentricity
limit where we have previously observed secular growth, we obtain solutions in a small
eccentricity expansion to O(e?), where ¢; is the initial Keplerian eccentricity of the
binary. From these solutions, we show that one can recover the secular growth of
eccentricity observed in [90] by considering the definition of the Keplerian eccentricity
in terms of the components of the Runge-Lenz vector.

With the evolution of the Keplerian eccentricity in hand, we consider the impact
of post-adiabatic corrections and the secular growth on GW observations. We begin
said discussion by considering the power contained in each harmonic of the waveform.
It is well known that eccentricity creates extra harmonic content in the waveform of
a binary system relative to the quasi-circular GWs from the same system. We show
that the distribution of power across the harmonics does indeed contain evidence of the
secular growth through comparison of our three different approximations for solving the
rN-RR problem. We continue this discussion by direct comparisons of the waveforms
computed via these different methods through a match calculation. We show that the
mismatch, defined as one minus the match, between the direct numerical integration
and the orbit-averaged approximation is typically around 10~%, indicating that orbit-
averaged waveforms can bias recovered parameters for sufficiently high signal-to-noise
ratio (SNR) observations. As a result, the recovered parameters may not be accurate
relative to the true parameters of the binary.

We also seek to quantify how precise we may be able to recover eccentricity from
GW observations using post-adiabatic effects. Toward this, we develop a post-adiabatic
Fourier domain waveform through the application of the stationary phase approximation
(SPA). We refer to this as the Post-Adiabatic eCcentric Multi-scale-analysis Next-to-
leading-order (PACMAN) waveform. The PACMAN waveform takes the usual frequency
domain waveform structure h(f) = A(f)e’"), where the phase U(f) and amplitude
A(f) can be written as

U(f) = Wo(f) [1+ (TMf)PoTes(f)] (1)
A(f) = Ao(f) [L+ (M FPPoAea(f) + (RM )25 Aspn(f)] (2)

with M the chirp mass of the binary, [¥o(f), Ao(f)] the orbit averaged phase and
amplitude, and [0Wp,s(f), 0 Apa(f), 0Aspa(f)] post-adiabatic corrections to the phase and
amplitude, respectively. We study the precision to which the eccentricity of the binary
can be recovered using GW observations from LIGO through a Fisher information matrix
analysis, which is applicable in the high SNR limit. We show, through comparison
to orbit-averaged Fourier domain waveforms, that the PACMAN waveform does not
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provide significant improvements on the precision to which eccentricity can be measure
with ground-based detectors.

The remainder of this paper presents the details of the conclusions summarized
above. In Sec. 2, we review orbital parameterizations for eccentric binaries and methods
of defining the eccentricity. We study the evolution of eccentricity under radiation
reaction in Sec. 3 and compare the different approximations of describing radiation-
reaction effects in Sec. 3.4, with the results displayed through Figs. 2 and 3. We further
contrast the growth detailed here with secular growth reported in other approximations
in Sec. 3.5. In Sec. 4, we seek a deeper understanding of the secular growth observed in
the PN formalism, with analytic expressions for the time-domain evolution of Keplerian
orbital elements available in Egs. (66), (69), (70)-(71), (77)-(81), and (88)-(91). We
show how to recover the Keplerian eccentricity in Eq. (92), with a comparison to the
numerical evolution of the Keplerian eccentricity using the osculating approximation
in Fig. 4. Finally, in Sec. 5, we study the effect the growth has on GWs emitted by
binary systems in the PN formalism. We compare the value of harmonic coefficients
between the different methods of solving the rN-RR problem in Figs. 5-6, and compare
the matches in Table 1. We develop the PACMAN waveform in Sec. 5.3, with the
waveform given by Eqs. (120)-(122), and (C.1)-(C.17). We perform a Fisher analysis on
the PACMAN waveform in Sec. 5.4, with the results given in Table 2. Weset G =c=1
for the remainder of this work.

2. Conservative Mechanics of Eccentric Binaries

Before considering the evolution of eccentricity under radiation reaction, it is useful
to study the conservative dynamics of the two-body problem, and the conservative
definitions of eccentricity. This is what we will do in this section, starting with a
definition of the Kepler problem to establish some notation, and then introducing the
QK parameterization and other definitions of eccentricity.

2.1. Kepler Problem

We begin by studying the classical two-body problem in Newtonian gravity, which is
equivalent to the leading PN order two-body problem. We consider a non-spinning
binary system with component masses m; and ms, and work in an effective one-
body description, where a smaller mass u = myms/(m; + msg) orbits around a larger
mass M = mj + mo, fixed to the center of mass of the system. The smaller mass
experiences an acceleration due to the gravitational force from the larger object,
specifically @ = —(M/r?)ri, where 11 = (cos ¢, sin ¢,0) is the radial unit vector, with
(r,¢) the radial and azimuthal coordinates of the small mass, respectively.

Symmetries can now be invoked to simplify the problem. Since the gravitational
force acts on the smaller mass only along the radial direction (proportional to 1), the
two-body problem admits a constant of motion associated with the azimuthal velocity
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¢. This constant is just the (reduced) orbital angular momentum h = r2p, and its
constancy implies that the orbit of the small mass exists in a plane. This also implies
that there are two additional constants of motion associated with the orientation of the
orbital plane, relative to an arbitrary coordinate system. To define these, one can start
with a planar coordinate system (z,y,z) where the orbital angular momentum points
in the z-direction. Using Fuler angles, one can then rotate to a new spatial coordinate
system (X,Y, 7). The two constants associated with planar motion correspond to the
inclination angle ¢, which is the angle between the Z-axis and the direction of the orbital
angular momentum, and the longitude of the ascending node €2, the angle between
the X-axis of the coordinate system and the ascending node of the orbital plane. A
schematic of the orbital orientation can be found in Fig. 3.2 of [34].

With the conserved orbital angular momentum defined, the acceleration equation
then becomes

. h? M
This equation can be integrated by multiplying both sides by the radial velocity 7 to
obtain .

57'“2 =€ — Veg(r), (4)
where € is the conserved (reduced) orbital energy, and Veg(r) is the effective potential,
specifically,

h? M
VeH(T)ZQ_rQ_T' (5)

The turning points of the orbit can be found by solving Eq. (4) when 7 = 0.
Alternatively, Eq. (4) can be factored such that (1/2)7? = (1/r — 1/r )(1/r — 1/r_),

where
B2 1/2

are the apocenter and pericenter distances, respectively.

M
ry = —
+ 2€

Constancy of the apocenter and pericenter are directly associated with the
constancy of the orbital energy and angular momentum. From these quantities, we
may define the semi-major axis

1
a= 5+, (7)
and the Keplerian eccentricity
ry —T-
= 8
€x Y T ( )

of the orbit. The orbits are then described as conic section with varying values of ey:
ex = 0 corresponds to a circular orbit, 0 < ex < 1 corresponds to an elliptical orbit,
ex = 1 corresponds to a parabolic orbit, and ex > 1 corresponds to a hyperbolic orbit.
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Returning to Eq. (3), we may perform a change of variables using v = 1/r and
change from time derivatives to azimuthal derivatives using ¢, to obtain

d?u M
dTéZ‘Fu:ﬁ. (9)

This differential equation can be solved directly to reduce the two-body problem in
Newtonian gravity to quadratures, specifically

B p

"= 1+ ex cos (¢ —w) (10)
) M3 ;

¢ = (?> 1+ excos(p—w)], (11)

where p = h%/m is the semi-latus rectum of the orbit, and w corresponds to the longitude
of pericenter, the angle between the z-axis of the planar coordinate system and the
direction of pericenter.

The constancy of w, and thus, the constancy of the direction of pericenter is actually
a special feature of the Kepler problem associated with a hidden SO(4) symmetry. This
symmetry is only revealed through the conserved Runge-Lenz vector A = (1/M)7x h—ii,
where ¥ is the orbital velocity, h is the angular momentum vector, and X corresponds
to the flat-space cross product between spatial vectors. The hidden symmetry can be
understood by realizing that the Poisson brackets between the angular momentum and
Runge-Lenz vector are given by,

1 1
{hi, by} = ;Q‘jkhk, {hi, A} = pﬁz‘jkAk’
2 (P2 My
(o) =~y (5~ 07 et -

where P = pt is the momentum of the mass p, and ¢ is the Levi-Civita symbol.
The Poisson bracket between components of the orbital angular momentum defines the
SO(3) symmetry associated with the planar motion of the binary, while the remaining
Poisson brackets in Eq. (12) reveal the Lie algebra of the hidden SO(4) symmetry. This
symmetry is unique to central force problems with an inverse-square law, and makes the
Kepler problem maximally superintegrable [91].

The orbital motion of the binary system is fully described by Egs. (10) and (11) and
the five constants of motion (p, ex,w, ¢, 2), but there is an alternative parameterization
that is of relevance to the two-body problem in the PN formalism. This alternative
parameterization arises due to difficulty in integrating Eq. (11) to obtain ¢(¢). Rather
than working in terms of the azimuthal coordinate ¢, one can work in terms of the
eccentric anomaly u, which is equivalent to the phase variable in an elliptical coordinate
system. The mapping between the azimuthal coordinate and the eccentric anomaly, and
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the radial equation in terms of u, is given by

r=a(l —ex cosu) (13)

(F) (3] a

To complete the description of the orbit in terms of u, one needs to determine the

¢ —w=2tan" !

mapping between time and u. This may be obtained by combining Eq. (14) with Eq. (11)
to derive the expression for %, which may then be directly integrated to obtain

l=u—ex sinu, (15)

where | = (27/T,.,)(t — ty) is the mean anomaly, with 7., = 2ma®?/M'/? the orbital
period and %, the time of pericenter passage.

The above transcendental equation is known as Kepler’s equation. First derived in
1609, there is still no closed-form expression of its inversion, u(l). The most common
inversion used within the field of gravitational wave modeling is the Fourier series
solution,

u:l+22Jq(qe)M, (16)
q=1 q
where J, are Bessel functions. This representation has the draw back of potentially
needing a large number of terms in order to obtain an accurate representation of the
function under consideration, especially when the argument of the Bessel functions is
not much smaller than unity [92, 93, 94, 18]. There are multiple methods of avoiding
this [94, 95, 96, 97|, and this draw back may not be as serious as previously considered
when it comes to computing Fourier domain waveforms for eccentric binaries [98].

2.2. Quasi-Keplerian Formalism

The Kepler problem is useful from a fundamental point of view to understand the motion
of two objects under a mutual gravitational force. However, it is not an adequate model
of the dynamics of binary systems within GR. As discussed in Sec. 1, the only way
of currently studying the full two-body problem within GR is through NR, but there
are ways of properly approximating the full solution. We here provide the details of
an orbital parameterization for binary systems that has been worked out to high PN
order. For simplicity in the discussion that follows, we restrict attention to the two-body
problem at 1PN order and neglect radiation reaction.

The relative acceleration at 1PN order, or O(c~?) beyond Newtonian order, is given
by [34]
M M 3 M
T r

r2

where 7 = pu/m is the symmetric mass ratio of the binary. These equations of motion,
like the Kepler problem, are time symmetric and describe motion taking place in an
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orbital plane. As such, there exists a conserved orbital energy and angular momentum
for the two-body problem at 1PN order, specifically

1, M 3 L M A Vi
S R = = 1
€ 2U . +8( 3n)v +27" {(3—!—77)1) + nre + l (18)
- 1 M

While the orbital motion of the binary still takes place in a plane, the relative force
between the two binary components is no longer a simple inverse-square law. As
a result, the SO(4) symmetry of the Kepler problem is broken, causing the Runge-
Lenz vector to precess around the orbital angular momentum. Thus, in GR, binary
systems undergo precession of periastron, an important feature that helped to provide
observational support for GR from observations of Mercury’s precession around the
Sun [99].

Generally, there are two ways of solving the PN two-body problem defined through
Eq. (17). The first is the osculating method [34, 41, 42, 43, 69, 49, 50], a generic
perturbative technique to account for perturbations of the Newtonian two-body problem.
While one can apply this method at this PN order, it is also of relevance to the radiation-
reaction problem, so we will detail it in the next section. Alternatively, one could seek
a closed form analytic solution to Eq. (17), just as we did for the Newtonian two-body
problem. This was achieved by Damour & Deruelle [44, 45|, who developed the QK
formalism.

The QK formalism seeks to solve the conservative two-body problem at a given PN
order through a Keplerian-style parameterization. At 1PN order, the solution takes the
form

r=a,(l—e. cosu), (20)

l=u—e sinu, (21)
1 1/2

< i %) tan <E>] (22)
1-— €¢ 2

which resembles the solution to the Kepler problem in Eqgs. (13), (14), and (15), except
for a few crucial differences. First, in the azimuthal equation, w has been replaced with

O —¢p =2K tan™*!

¢p, which is no longer the longitude of pericenter, but an overall integration constant
associated with freedom in how we define the zero point of the azimuthal coordinate.
This equation is also modified by the presence of the constant K, which describes the
advance of pericenter; in one orbit, pericenter advances by an angle A¢ = 2rx(K — 1).
Second, the semi-major axis in the radial equation has been replace with the PN
corrected semi-major axis a,. Finally, the Keplerian eccentricity ex has been replaced
by three QK eccentricities (e, e,, es). These quantities are all related to the energy and
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angular momentum of the binary, specifically [35]

aT:%[l—F%}(—?—Fﬁ)&}, (23)
v = (1= )"+ gy A= 4+ 55(=3 + )] (24)
e = (1—j)l/z+m[—8+8n+j(17—7n)] , (25)
e = (1—j)1/2+m[24+j(—15+77)], (26)
K=1+ % , (27)

where € = 2¢ and j = 2eh?, completing the 1PN accurate description of the orbit.

The three QK eccentricities are not independent quantities, as can be seen from
Eqgs. (24)-(26), but are defined as given above such that the orbital parameterization
of Egs. (20)-(22) takes the same form as the Keplerian parameterization of Eqs. (13)-
(15). In any practical PN calculation, one will typically choose one of these three
eccentricities and write down all expressions in terms of it. The most common choice
within the PN literature has been e;, but there is no strong requirement for making
this choice. Parameterizing the orbit in terms of these eccentricities has the advantage
of allowing one to take the appropriate circular limit, since specifically a circular orbit
corresponds to e; = e, = ey = 0.

While the QK eccentricities allow us to achieve a Keplerian-like parametrization
of the orbit at 1PN order, this is not true at higher PN orders [35]. When including
the 2PN corrections of Eq. (17), the QK orbital parameterization of Egs. (21) and (22)
becomes modified through the addition of extra harmonics of the eccentric and true
anomalies. For example, the 2PN accurate Kepler’s equations takes the form [47]

l=u—e sinu+ f; sinV + g (V —u) (28)

where V' = (¢p—¢,)/K is the true anomaly, and ( f, g;) are known functions of the energy
and angular momentum (see, for example, Eqgs. (7.7g) and (7.7h) of [100]). Inversions of
this are significantly more complicated then the Kepler problem, but have been achieved
in recent years through 3PN order [101]. However, there are still no accurate analytic
Fourier domain waveforms for arbitrarily eccentric binaries at high PN order. This
is still an open problem, although there have been studies that have considered this
through a variety of approximations [98, 102, 18].

2.3. Other Measures of Eccentricity

The preceding discussions have focused on eccentricity in the PN formalism, but it is not
the only method of solving the two-body problem within GR, and the PN framework
is not the only way to define eccentricity in the binaries under consideration. For
completeness, we provide below a list of different eccentricity parameters and where
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they are primarily used, including some definitions we already introduced earlier in this
section.

e Keplerian eccentricity ey: Reviewed in Sec. 2.1, ek is a parameter that enters
a Keplerian orbital parametrization (see Eq. (8)). This eccentricity is commonly
used within osculating methods to solve for the motion of the binary system, and as
a result, is commonly promoted to a function of time under some perturbing force
(whether this be conservative or dissipative). While circular (parabolic) orbits
correspond to ex = 0 (ex = 1) in the unperturbed problem, this is not necessarily
so when there is a perturbing force. This eccentricity measure is used in both the
PN and self-force formalisms.

e Quasi-Keplerian eccentricities e, e,,e4: Reviewed in Sec. 2.2, the QK
eccentricities are parameters that enter the PN accurate orbital description first
derived by Damour and Deruelle. These eccentricities are constants of the orbit
when considering the conservative PN forces, as opposed to ey which is then a
function of time. However, under a dissipative perturbing force (such as that
induced by radiation reaction), these eccentricities can also be considered functions
of time calculated through the method of variation of constants. These measures
are primarily only used within the PN formalism.

e Angular velocity eccentricity eg = (Qzl,/ 2 %)/ (Qll,/ 2y *): An eccentricity
parameter that is constructed from the angular frequencies of apocenter {2, and
pericenter €),. When computing this, one does not require a specific orbital
parameterization, but instead one only needs the orbital phase as a function of time.
This measure is sufficiently general that it can be applied within any formalism,
but it is most commonly used within the self-force formalism and in NR (see, for
example, [42; 103]).

e Radial velocity eccentricity e, = max [(r/M)"%]: Similar to the previous
measure, this parameter requires that one only know the radial separation of the
binary as a function of time. The eccentricity is then recovered by finding the
envelope of the (r/M)'/?7 time function.

e Radial acceleration eccentricity e, = r?#: An instantaneous NR eccentricity
parameter, it can easily be recovered from the temporal evolution of the radial
separation of the binary. It is sufficiently general to be applied to any formalism
for the two-body problem [104].

e Pfeiffer et. al. coordinate separation eccentricity e,: Developed in [75, 74],
this is a commonly used parameter in eccentricity reduction methods for NR. After
setting up initial data, the binary is evolved for several orbits, which gives the
coordinate separation s(¢). From this, one computes ds/dt, and fits this to

ds .
i Ag + Ait + Bsin(wt + ¢y) , (29)
where (A, A1, B,w, ¢g) are constants to be fitted. The eccentricity parameter

is then calculated through e; = B/wsy where s = s(0). A more extensive
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discussion, and alternative methods of defining this eccentricity parameter, are
discussed in [77].

e Tichy & Marronetti (TM) coordinate separation eccentricity e,
Developed in [76] for setting up low eccentricity initial data in NR simulations,
this eccentricity parameter is given by

 Arpax(t) — Arpin(t)

27 avg

Er (t) ) (30)

where (ATmax, ATmin, Tavg) are defined in Egs. (2)-(4) therein.

e (2,2)-mode eccentricity ey: An eccentricity parameter applicable to setting up
initial data in NR simulations that relies on the spin-weighted spherical harmonic
decomposition of the gauge invariant Weyl scalar W, [76]. The amplitude of the
[ =m = 2 mode is given by

1/2
W) =82(3) (e (31)
where w is the orbital angular frequency. Kepler’s third law is then invoked to
derive a separation roo from the above equation, which is then used to define an
eccentricity in a similar manner to the TM coordinate separation eccentricity given
by Eq. (30), specifically

AT99 max(t) — Arag min(t)

€99 = . 32
» 2r22,avg ( )

This is a common measure of eccentricity used in NR simulations.

e Fitted angular frequency eccentricity e,: A common eccentricity parameter
used for eccentricity reduction in NR simulations, it is found by fitting a fifth order
polynomial to the angular velocity of the binary w(t) to obtain wg(t) [105, 103,
106, 76]. The eccentricity is then approximated using

w(t) — wee(t) '

C, =
2Wﬁt (t)

(33)

e Fitted coordinate separation eccentricity e;: Identical to the previous
eccentricity parameter, but using the coordinate separation of punctures instead
of the angular velocity [105, 103, 106].

These eccentricity parameters can broadly be sorted into two categories: coordinate
eccentricities and wvariational eccentricities. Coordinate eccentricities are parameters
that are computed from the relative coordinates of the binary system and do
not require a specific orbital parameterization. They may be reconstructed from
envelopes of the velocities, such as eq and ey, taken as instantaneous functions of the
relative coordinates, such as e,, or even obtained as fits to numerical data, such as
(es, €, €20, €,,€q). Variational eccentricities are parameters that appear in a specific
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orbital parameterization, which typically solves a conservative part of the equations
of motion to a given PN order, such as ek, e, e,, and es. These are constants of
the motion unless the binary is acted upon by a dissipative perturbing force or a
conservative perturbing force of higher order than that considered when building the
orbital parameterization. When this occurs, the eccentricity parameters are promoted
to functions of time and are allowed to vary according to a set of evolution equations
of the form de/dt = F(t); this is why we refer to them as variational eccentricities. We
will discuss these evolution equations in more detail in the next section.

Since these definitions are distinct, the behavior of the eccentricity parameters
need not necessarily agree with each other. In particular, it is clear that all of these
definitions agree in the limit of infinite separation, but they will tend to disagree with
each other as the binary separation decreases. The concept of eccentricity, regardless of
how one defines a parameter to quantify it, is related to the exterior curvature of the
line defining the orbit in space, and is thus slicing dependent. As a result, the concept
of eccentricity is not a gauge invariant quantity, and the behavior of an eccentricity
parameter under perturbations will depend on how one defines it. However, as we
will detail later, the concept of eccentricity creates additional harmonic content in the
GWs emitted by a binary system, and the latter is indeed observable. As long as one
compares waveforms computed using the same approximations, one should measure the
same waveform regardless of how the eccentricity parameter that enters the waveform
model is defined. We touched on an example of this in [90], but we will provide more
details on this in later sections.

There is one other class of eccentricity parameters we will consider here. We refer to
these as adiabatic eccentricities, which are a subset of the variational eccentricities and
are computed through the orbit-averaged version of the eccentricity evolution equations,
(de/dt) = (1/2m) 0% d¢ (1/¢) (de/dt). This class of eccentricity parameters assume
that perturbative effects only cause secular changes on timescales much longer than
the orbital timescale. However, as we found in [90], this is not necessarily true when
considering the late inspiral of a binary system due to radiation reaction. We will here
show that these definitions are not accurate representations of the dynamics of the binary
under radiation reaction, and the waveforms computed using them become inaccurate
at sufficiently high signal-to-noise ratio (SNR). We schematically present these notions
of eccentricity in Fig. 1.

3. Eccentric Dynamics

Now that we introduced the dynamics of eccentric binaries, let us begin to consider
the evolution of the binary, and the different definitions of eccentricity, under radiation
reaction. We will here consider the rN-RR problem, i.e we take both the conservative
and dissipative forces to be only the leading PN order contributions. This amounts to
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Figure 1. Methods of solving for the evolution of eccentricity parameters in the
rN-RR problem in the PN formalism. Starting from the equations of motion, one
can either choose an orbital parameterization (left and center branches) or directly
integrate the relative coordinates (right branch). When one directly evolves the
relative coordinates of the binary, one has to then define the eccentricity parameter
in one of several ways that rely on the velocities or accelerations. These constitute
the notion of coordinate eccentricity. On the other hand, one can choose a specific
orbital parameterization, and promote the orbital elements of said parameterization
to functions of time. If the parameterization is Keplerian (Sec. 2.1), one computes
the time varying Keplerian eccentricity parameter e (t). If one chooses a PN accurate
parameterization (Sec. 2.2), one then computes one of the time-varying QK eccentricity
parameters, e;(t) for example. These constitute the notion of variational eccentricity.
At Newtonian order, the evolutions for ex (t) and e.(t) (or e,(t), or e4(t)) agree, but not
at higher PN order. A common tool used to solve the radiation-reaction problem is the
orbit average approximation. When one does this, one only recovers the leading order
secular behavior of the full radiation-reaction equations in a multiple scale analysis
(Sec. 4). These eccentricity parameters constitute the notion of adiabatic eccentricity,
a subset of variational eccentricity.

solving the equation of motion @ = —(M/r?)7i + dyg, where

8 M2[[., 1TM\ .. [, .M\
Grr = S5 {(31} +§7> T — (v +37> v] (34)
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is the leading PN order radiation-reaction force in the harmonic gauge [34, 49]. We
will consider the dynamics of eccentric binaries under direct-evolution, osculating, and
orbit-averaged methods of solving the equations of motion, and discuss similarities and
differences between the three methods.

3.1. Direct-Evolution Method

To begin, we consider the direct evolution of the relative coordinates of the binary’s
components through numerical methods. More specifically, we seek to solve for r(t) and
¢(t). Using the fact that v = 77 + réX, with X = (—sin ¢, cos ¢,0), the equations of
motion can be separated into the following set

o hr M 8 M® (., _h® 8M
T:r—g—ﬁ+g77r—37’ 2r +2—3+§T s (35)
. 8 M?h h? M
h=—-1n—mw— .2 _ -

5 T3T(r+r3+3r)’ (36)

where h = r2¢. We provide the details of our method of numerically evolving these
equations in Sec. 3.4.

Obtaining a notion of eccentricity is somewhat difficult using this approach, as it
is not something that one can visualize immediately from the trajectories unless the
binaries is sufficiently elliptical. To estimate the eccentricity as a function of time
for this binary, we choose to compute the radial velocity eccentricity eg. To compute
ex(t), we must first properly account for a secular drift that appears in 7(¢) through
an empirical mode decomposition (EMD), a technique often employed in Hilbert-Huang
transforms [107]. The method we apply is as follows:

I. Define the function G(t) = (r/M)"/?# and find all local extrema of G(t).

I1. Interpolate the data points describing the extrema using cubic splines, generating
functions describing the upper G, (t) and lower G_(t) envelopes of F(t).

III. Compute the average of these interpolating functions to obtain (G)(t) =
(1/2)[G+(t) + G-(1)]-
IV. Subtract off the average from the original function to obtain a new function

Gi(t) = G(t) = (G(1))-

The cubic spline interpolation in the method above introduces a small amount of error,
specially close to the end of the inspiral where all functions are changing more rapidly
(as the dynamical time scale becomes comparable to the orbital time scale). This, in
turn, can force the average of the function we wish to approximate to not vanish as
we would like it to. The above method, however, can be repeated multiple times, and
with each new iteration, the average will be closer and closer to zero. Therefore, the
iteration of this method yields Gi(t) = Gr_1(t) — (Gr_1)(t), with each iteration of the
routine referred to as a sifting, and the index k£ corresponding to how many siftings have
been carried out. To determine when to stop the procedure, we compute the number of
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siftings N wherein the extrema of the resulting function Gy (¢) differ from the number of
zero crossings by at most one. When N > N,.., we stop the above procedure to obtain
Gnur(t). For the system under consideration, we take Ny = 10. The function Gyyp(t)
is referred to as the intrinsic mode function (IMF).

Once the sifting procedure completes and we obtain Gs(t), we compute the
function eg(t) by finding all maxima of the IMF, and interpolating the resulting data
using cubic splines. We will provide an example of this when we compare to the other
evolution methods in Sec. 3.4.

3.2. Osculating Method

As an alternative to the method of directly integrating the equations of motion of a
binary system, one can use perturbation theory methods to evolve the orbits. In this
method, the equations of motion take the form a = fo + 6 f, where ﬁ) corresponds to
the relative force in the unperturbed problem and § f is the perturbing force. One
generally solves the unperturbed problem to obtain the solution ¥ = (¢, u*) and
U = vy(t, u*), where u® is the set of orbital elements, which are constant in the absence
of perturbations. To solve the perturbed problem, one promotes the orbital elements to
functions of time, u® — p®(t). After inserting this back into the equations of motion,
one obtains evolution equations for the orbital elements

o o
ope dt ou® dt

=4f. (37)

The above equations constitute six first order equations corresponding to the six initial
conditions 7(t = 0) and Uy(t = 0).

For non-spinning binaries in the PN formalism, these equations reduce to four
independent equations for the orbital elements (e, h, ¢, 1y), provided the perturbing
force has no non-zero components orthogonal to the orbital plane. The orbital
parameterization for the unperturbed problem is dependent on what one chooses for fg.
For f; = fN, the orbital parameterization is Keplerian (Sec. 2.1), while for ﬁ) = :%?\}15,
the orbits are described by the QK parameterization (Sec. 2.2). Since we are working
with the rN-RR problem in this section, these two parameterizations are equivalent.

-,

We take the orbital elements to be u® = (p, A), so as to avoid divergences at small

1

eccentricities, of the form e~ in the osculating equations. With this parameterization,
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the osculating equations become

d TS -

2 -5 (5) T (Geostio + spsintion] (38)
j=0

da 1 7 (M)4 ’ O cos(; i

S 1= , cos(j¢) + S sin(jo)] (39)

dt 60 M \ p ;[ ]

g1 M\ ' -

d—f = @% (?) [C}cos(j¢) + Spsin(jo)] (40)
§=0

d 1/2 2 ) )

d_f = (f—?)) Z [C5 cos(jp) + S5 sin(jo)] (41)

j=0

where o = e cosw, 8 = ex sinw, with (ex,w) the Keplerian eccentricity and longitude
of pericenter, respectively, and we provide the coefficients C? and S7 in Appendix A. As
with the direct evolution, one can numerically integrate the above equations to obtain
the evolution of the binary and the behavior of the eccentricity, in this case ex. One can
also analytically solve these osculating equations through application of multiple scale
analysis (MSA) [64], which we pursue in Sec. 4

3.3. Orbit-Averaged Approximation

There is one other method of evolving the binary under radiation reaction that we
consider here, specifically the orbit-averaged approximation. In this approximation, one
generally assumes that the effects of radiation reaction are small over any one orbit, so
that we can orbit average the osculating equations to obtain the secular behavior of the
orbital elements. The concept of averaging was first proposed by Isaacson [108, 109] to
remove oscillatory gauge effects from the stress energy tensor of GWs. If we apply orbit
averaging to the osculating equations of Eqgs. (38)-(40), we obtain

BB i) e

4

() = Seag (3) 0=y (1 253) )
where we have recovered the eccentricity through e2 = o? + 2. These equations
match the well known results of Peters & Mathews [12, 13]. As one can see from the
above differential equations, in this approximation the longitude of pericenter remains
fixed, while the Keplerian eccentricity ey, and thus the magnitude of the Runge-Lenz
vector, monotonically decreases throughout the coalescence. One can now obtain the
temporal evolution of the eccentricity by solving Eqs. (42) and (43) either analytically

or numerically.
The orbit-averaged approximation can also be derived through the balance laws
formalism, which is how Egs. (42)-(43) were originally derived by Peters & Mathews.
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Here, the rate of loss of orbital energy and angular momentum is balanced by the
averaged GW energy and angular momentum fluxes, respectively. The balance laws have
been shown to hold through 3PN order [110, 111, 112, 113, 114, 115, 116, 93, 100, 94].
Without the averaging procedure, the balance laws do not hold, and are corrected
by 2.5PN order and higher order contributions to the orbital energy and the angular
momentum, which are analogous to the Schott energy and angular momentum in
electromagnetism [34, 117, 118]. We explore these notions in Sec. 3.4.

3.4. Comparison of the Temporal Evolution of the Coordinate, Adiabatic and
Variational Eccentricity Parameters

Now that we have described three different ways in which to evolve binary systems under
radiation reaction and obtain the behavior of three different eccentricity parameters, let
us compare them. For the direct integration, we compute the radial velocity eccentricity
parameter using the method detailed in Sec. 3.1. For the osculating method, we
numerically evolve Eqgs. (38)-(41), and reconstruct the Keplerian eccentricity parameter
ex as the magnitude of the Runge-Lenz vector. For the orbit-averaged evolution, we
numerical evolve Eqgs. (42)-(43), which automatically gives us the evolution of the
orbit-averaged Keplerian eccentricity parameter. All of the numerical integrations
are performed with Mathematica’s NDSolve command, using the ImplicitRungeKutta
method. We take the accuracy and precision tolerances to be 10713 and evolve the binary
up to the last stable orbit for test masses around a Schwarzschild BHs, specifically up
t0 prso = 2M (3 + ex).

We provide two different comparisons in in Fig. 2: a plot of the eccentricity
parameters and another plot of the orbital trajectories in an effective one body frame.
For the osculating and orbit-averaged methods, we need to reconstruct the relative
coordinates of the binary to obtain the orbital trajectories. To do this, we use Egs. (10)
and (11) for the orbit-averaged method. For the osculating method, we also use these
equations, but re-write them in terms of the components of the Runge-Lenz vector using

ex = (a2 + gA)12, W = arccos {W} . (44)

In both plots, we study a BH binary system with masses (mi,my) = (10,10)Mg,
and initial conditions [p(0), e(0),w(0),#(0)] = (20M,1072,7,0) for the osculating and
orbit-averaged method. For the direct evolution, we require the initial conditions
[(0),7(0), h(0), $(0)] match those for a Keplerian orbit with the same initial conditions
given for the other two methods.

The left plot of Fig. 2 displays the evolution of the eccentricities of the binary. The
radial velocity eccentricity parameter ey (top panel) and the orbit-averaged Keplerian
eccentricity parameter eg® (middle panel) both exhibit the classic monotonic decrease
through the inspiral. On the other hand, the osculating Keplerian eccentricity parameter
ey displays two features not seen in the other two measures: it oscillates on the orbital
time scale and it grows secularly late in the inspiral. The right plot of Fig. 2 shows
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Figure 2. Left: Eccentricities of a BH binary system computed via direct-evolution
(top), orbit-averaged (middle), and osculating (bottom) methods. For the direct
evolution, we compute the radial velocity eccentricity using the method in Sec. 3.1,
while for the orbit-averaged and osculating methods, we compute the Keplerian
eccentricity ex. Right: Trajectories of a binary system in an effective one-body frame
using different methods of the equations of motion for the rN-RR, problem: osculating
(solid), direct (dot-dashed), and orbit-averaged (dashed). The inlay in the upper right
of the plot shows a zoom in of the last stages of the evolution just before the systems
reach ISCO.

the orbital trajectories of the binary in an effective one-body frame. The trajectories
in the different methods are very similar, with the differences only visible if we greatly
zoom in on the final part of the orbit (inlay). The direct evolution (dot-dashed line)
and the osculating evolution (solid line) produce the same exact trajectory, but the
orbit-averaged evolution dephases relative to these.

We thus arrive at the main result of the comparison of the numerical evolutions:
While the orbit-averaged eccentricity parameter of the binary decreases monotonically
like the coordinate eccentricity parameter does, the trajectory in the orbit-averaged
approximation exhibits a dephasing relative to the direct evolution, which will cause
a dephasing between a waveform model used with the orbit-averaged approrimation and
an observed GW signal. To properly account for the phase of the orbits and the GWs
emitted by the system, one must consider the full osculating behavior of the variational
eccentricity, even though the evolution of the variational and coordinate eccentricities
do not agree.

While the osculating method produces the same trajectory as the direct evolution,
this does not mean that the orbit is becoming more elliptical, or that the ellipticity of
the orbit is oscillating. One has to disentangle the notions of ellipticity of an orbit with
the specific eccentricity parameter chosen to characterize the orbit. While the osculating
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eccentricity is displaying a growth, the oscillations in the coordinate separation of the
binary are actually decreasing, consistent with the system moving steadily toward a
quasi-circular state. In reality, the ellipticity of the orbit is controlled by the extrinsic
curvature of the spatial trajectory, which is slicing dependent, and not by the eccentricity
parameter that one choses.

Thus far, we have focused on binary systems with small initial Keplerian
eccentricity, but how do the different methods compare for systems with moderate
Keplerian eccentricity? In Fig. 3, we investigate this case for the same binary system
as above, but with ex(0) = 0.6. In the left panel, we compare the evolution of ey
for this system using the osculating and orbit-averaged methods only. As opposed
to the small eccentricity system, the evolution of ex in the orbit-averaged method
now agrees with the average of the osculating method, which is what we typically
expect from these two approximations. The oscillations in the osculating ex now
resemble steps in the early evolution, since most of the GW power is being emitted
at pericenter. While the eccentricity evolutions agree on average, the trajectories do
exhibit slightly different behavior as can be seen in the right panel of Fig. 3. Just
like in the small eccentricity system of Fig. 2, the trajectories as computed in the
direct-evolution and osculating methods agree to the level of numerical error. But the
orbit-averaged trajectory asymptotes to the other trajectories only at apocenter and
pericenter, exhibiting a de-phasing in between that can be seen in the inlays of the
right panel. This is not unexpected since the evolution of the Keplerian eccentricity ey
only intersects the evolution of the orbit-averaged eccentricity when the system is at
pericenter or apocenter.

The comparison of methods at moderate eccentricities highlights the expected
behavior of variational orbital elements within the orbit-averaged approximation, but
it also indicates that the problems that plague the trajectories of binary systems when
using orbit-averaging are not just restricted to systems with small Keplerian eccentricity.
While the issue of de-phasing is potentially a major concern when it comes to detecting,
and performing parameter estimation on, GW signals, the dephasing shown in the inlays
of Figs. 2 and 3 is very small, specifically d¢(ex = 0.01) = ¢pr(ts) — poa(ty) = —0.22
radians and d¢(ex = 0.6) = dpr(ty) — doa(ty) = 0.15 radians, where ¢; is the time at
which the numerical evolutions end. This estimate, of course, is only valid for the two
systems we considered in this section, and it will change with the masses of the binary
components and the initial conditions we use for the numerical evolution. We provide
more direct comparisons of the waveform computed with these methods in Sec. 5 in the
context of observations with ground-based detectors.

3.5. Eccentricity Growth in a Broader Context

The secular growth we have described above was found when working with the leading
PN order radiation-reaction force for comparable mass binaries, but this is certainly
not the first time secular growth has been found. Secular growth has appeared before
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Figure 3. Left: Evolution of the Keplerian eccentricity ex of a BH binary system with
initial eccentricity of 0.6, and computed via orbit-averaged (dashed line) and osculating
(solid line) methods. Right: Trajectories of a binary system with initial Keplerian
eccentricity ex(0) = 0.6 in an effective one-body frame using different methods of the
equations of motion for the rN-RR problem: osculating (solid), direct (dot-dashed),
and orbit-averaged (dashed). The inlay in the upper right of the plot shows a zoom
of the region {z € (40,50)M,y € (0,20)M} show the deviation of the orbit-averaged
evolution from the osculating and direct methods. The inlay in the upper center of
the plot shows last stages of the evolution just before the systems reach ISCO.

in EMRIs modeled through the self-force formalism [71], and in the high PN order
osculating calculations of [41]. While we spare a detailed discussion of the analytic
understanding of the secular growth we have found above until the next section, we
wish to here clarify first the relationship between it and the growth found previously in
the literature.

3.5.1. EMRIs with Self-Force. EMRIs occur when a small compact object (such as a
solar mass BH or a neutron star) falls into a supermassive BH. Such events are expected
to occur in the dense stellar environment of galactic nuclei, where scatterings force the
densest objects toward the gravitational center of the environment. The small inspiraling
mass is not strictly speaking a test mass, but rather it generates its own spacetime
curvature, creating a so-called “self-force” on its motion [51]. One must, thus, solve the
Einstein field equations in a small mass ratio expansion to properly account for this self-
force in the EMRI evolution. More specifically, one seeks a solution for the spacetime
metric g, = g, +q by + O(¢?), where 9,y is the background spacetime generated by
the supermassive BH, ¢ = u/M with (u, M) the mass of the small and supermassive
BHs, respectively, and h,,, is the metric perturbation induced by the small mass. For
the sake of this discussion, we will assume that both BHs are non-spinning, so that the
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background spacetime in given by the Schwarzschild metric.

To leading order, the conservative dynamics of the small mass are governed by
geodesics, while the dissipative self-force, induced by GW emission, enters at first
order in the mass ratio. The GW fluxes can be computed in this relative leading
order approximation with the aid of the Teukolsky formalismi [123, 124] , whereby the
gravitational perturbation is governed by a linear wave equations for the scalar function
Uy, a particular projection of the Weyl tensor in a Newman-Penrose decomposition,
and which is sourced by the geodesic motion of the small mass. The wave equation for
W, is separable on the Schwarzschild background and can be integrated using Green’s
functions. At spatial infinity, the scalar U, is related to the two GW polarizations
through W, = (1/2)(hy — ihy), and the GW fluxes can be directly computed from this
scalar.

If one works within an adiabatic approximation, where the gravitational
perturbation evolves slowly compared to the orbital timescale of the geodesic motion,
then the rate at which the orbital energy and angular momentum are lost is balanced
by the averaged GW fluxes. This is equivalent to the balance-law statement of
the PN formalism. Geodesics of the Schwarzschild background can alternatively be
parameterized in terms of a semi-latus rectum p and eccentricity e, with the mapping
to orbital energy and angular momentum given by [71]

2 (P—2—2¢)(p—2+2e) 12— W2 M2p”

E? = e
YR -s—e) p-3-e’

(45)

where p = p/M. Note that while the definitions for (p,e) might be analogous to
the Keplerian case, they are not the same orbital elements. The above mappings do,
however, agree with the classical Kepler problem if one performs a week field expansion,
specifically p > 1, with the orbital energy shifted by the rest mass p. From these
mappings, GW fluxes, and averaged balance laws, one can derive expressions for the rate
of change of (p, €), which are given in Egs. (3.31) and (3.32) in [71]. These expression help
us elucidate the cause of secular growth of eccentricity within the self-force formalism,
which was first presented and explained in [71].

The motion of particles around a Schwarzschild BH have a separatrix in parameter
space, dividing stable from unstable orbits. For eccentric orbits, this is given by the
relationship p g0 = 2M (3 + €), which defines the last stable orbit of the inspiral of the
mass 4 [125]. In a weak field expansion, and thus far from the separatrix, the expression
for é is always negative, as can be seen from Eq. (4.5) in [71]. It is also worth noting
that this expression agrees with the leading PN order expression for é, which was first
derived by Peters and Mathews. In a strong field expansion, close to the separatrix, é
is always positive, as can be seen from Eq. (4.11) in [71], while p is still negative. Thus,
there is a point in the evolution where de/dp changes sign, which occurs very close to

I Technically, for a non-spinning background, the metric perturbations can be solved in the Regge-
Wheeler formalism [119, 120] for the even parity sector and the Zerilli-Moncrief formalism [121, 122]
for the odd parity sector. The Teukolsky formalism is applicable for spinning backgrounds.
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the separatrix and induces a growth in the eccentricity parameter e. The secular growth
in EMRIs observed within the self-force formalism is thus a strong field effect arising
from the presence of the separatrix.

This is a different mechanism than what causes the secular growth observed
in Fig. 2. The secular growth observed in that figure occurs within the relative
leading PN order radiation-reaction problem, where one does not use an orbit-averaged
approximation. As we detailed in [90], the growth we have seen can be understood as a
second order effect in a MSA, which scales with the mass ratio squared. On the other
hand, the growth seen in self-force calculations is (i) a strong field effect, where the
PN expansion is not valid, (ii) it arises within the orbit-averaged approximation, within
which the growth in Fig. 2 disappears, and (iii) it enters at first order in the mass ratio
because it is caused by the first order dissipative self-force, at least to leading order.

An overlapping region where the PN and self-force formalisms agree of course exists.
To find it, one simply takes the self force results for p and é, and performs a weak field
expansion. On the other hand, one can take the PN results for the orbit-averaged
expression for p and éi, and perform a small mass ratio expansion. The two expansions
will agree, at least to the limit of the PN order they are known within the PN formalism.
One could then take the expansion of the PN results, and perform a re-summation to
leading order in the mass ratio, to thus recover the orbit-averaged self-force results.
Since the effect found in Fig. 2 is second order in the mass ratio, we might expect that a
similar expansion/re-summation could be used to match the PN growth observed here
to a similar effect in the self-force formalism, provided the second order self-force were
known.

While our discussion here has focused on the adiabatic limit of the dissipative self-
force, the state of the art calculations within this formalism have moved passed this
approximation. Problems with the adiabatic limit of the self-force were first considered
in [68]. Post-adiabatic effects are generated by the leading order conservative self-force,
an oscillatory component to the leading order dissipative self-force, and the secular part
of second order in mass ration dissipative self-force [126]. Leverages hybrid techniques
to compute the post-adiabatic self-force have resulted in exceptionally fast and accurate
computations of EMRIs across large regions of the binary’s parameter space [126, 127].

A consequence of working in the post-adiabatic limit of the self-force is that the
orbital elements of the geodesic motion become oscillatory on the orbital timescale, in
the exact same fashion shown here. These oscillatory effects encode a rich amount of
information in the azimuthal and radial frequencies of the binary’s motion, as can be
seen from Fig. 11 in [126], and which will ultimately be imprinted in the GWs observed
from these systems. Just as in the case of the adiabatic limit of the dissipative self-force,
we may expect a certain overlapping region where these oscillatory effects agree between
the PN and self-force formalism, provided the self-force is computed to sufficiently high
order in the mass ration and the PN force is computed to sufficiently high order in
the velocity of the binary. We will explore a post-adiabatic formalism for the rN-RR
problem in Section 4.
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3.5.2. Osculating Method at Higher PN Orders. The osculating method is a generic
perturbation theory method used to solve the motion of celestial objects, and thus, it is
not surprising that it has found a home within the PN formalism, where PN corrections
can be treated as perturbations of the Newtonian gravitational force. To understand the
osculating method at higher PN orders, and the secular growth of Keplerian eccentricity
often seen within this method, it is useful to consider the case of the 2.5PN accurate
equations of motions, where @ = ﬁ\] + fle + fsz + ]?2.5PN, which was first detailed in
Lincoln and Will (LW) [41].

In this problem, the evolution equation of the Keplerian eccentricity, for example,
may be written as

dey

I EGrpn (1 (t); ¢] + EGapn[p(t); 0] + 55/202.5PN[Ma(t); 0] (46)

where p* is the set of orbital elements, which become functions of time under the
perturbing force, and £ is an order keeping parameter. LW sought to solve the osculating
equations accurately, and consistently, to 2.5PN order in a MSA. As we detail in the
next section, the source terms G(u® ¢) do not just generate solutions for ex(t) at
the PN order they appear, but they also generate higher-order secular and oscillatory
corrections, which enter at higher PN orders. Specifically, G1px will source a leading
order secular evolution of ex at 1PN order, and first order oscillatory and secular MSA
corrections at 2PN order (and higher). This also happens with Gopyx and Gs spn, but
these higher order MSA corrections enter beyond 2.5PN order. If we seek to solve
the 2.5PN accurate equations of motion consistently, then the first order oscillatory and
secular MSA corrections due to Gopy and G spy can be neglected, just as LW have done.
Thus, if one desires to solve the equations of motion consistently to 2.5PN order, one
needs: (i) leading order secular, or orbit-averaged, evolutions from (Gipn, Gapn, G2.5pN),
and (ii) first order in MSA oscillatory and secular corrections from Gipn.

The full osculating equations for u® = (ex,p,w) at 2.5 PN order are given by
Egs. (2.11a)-(2.11c) in [41], but we can understand the effect of PN corrections already
if we work to 1PN order. The 1PN order form of the evolution equations is

2

d M 3
dig; = { [3 —n+ % (56 — 4777)} sinV + (5 — 4n)ex sin(2V) — gef{n sin(SV)} :

(47)
Z—z =4M(2 — n)exsinV , (48)
dv M ez
e}(% = " {3€K + {—(3 —n)+ §(8 + 2177)} cos V — (5 — 4n)ex cos(2V)
+§ei77 COS(3V)} : (49)

and a simple application of the chain rule with Eq. (10) reveals that 7 # 0 when
ex = 0. However, the orbit is circular if V' = 7 regardless of the value of ex. This
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is a rather peculiar feature of circular orbits in the osculating formalism that leads
to the following interpretation: when the growth of the Keplerian eccentricity occurs,
the system transitions from inspiraling ellipses to a quasi-circular state, with the latter
defined by Keplerian ellipses stuck in a perpetual state of apastron that precesses at the
same rate as the orbital phase.

The 1PN accurate solution of the above osculating equations can be obtained by
analytic integration, taking the Keplerian orbital elements as constants for the time
being, since they evolve on the longer radiation-reaction time scale. For the eccentricity,
one obtains

M e2 1
ex(9) = exo + — { [3 —n+ —Z’O (56 —47Tn)| cosV + 5(5 — 4n)ex o cos(2V)
DPo

1
—geiﬁon cos(3V)} (50)

where ex o = ex(¢ = 0) and py = p(¢ = 0). In the case of a system with initial zero
Keplerian eccentricity, and restricting to the case of circular orbits with V' = 7, we obtain
ex(®) = (3—mn)(M/po). Thus, a circular orbit within the osculating approximation does
not have zero Keplerian eccentricity.

The peculiarities of circular orbits within the osculating formalism have a profound
impact on the inferred evolution of the Keplerian eccentricity when radiation reaction
is included. If we work within the orbit-averaged approximation, radiation reaction can
be included in the previous analysis by simply promoting the constants (ex o, po) to be
functions of time. Since we are considering a secular approximation, these functions
will be non-oscillatory. It is convenient for this discussion to consider the Keplerian
eccentricity defined through the components of the Runge-Lenz vector, specifically
e2 = a? + 32, where recall that a = e cosw and 3 = ek sinw. To consider the secular
evolution of this eccentricity parameter, LW constructed a mean-square eccentricity

2
K,I n

where e ,(t) and p,(t) are obtained by solving the leading order PN radiation-reaction

from this definition, or more specifically

o e[ M)
() = et + 3602 || 40 , 51)

equations in Eqs. (42) and (43). This is an equivalent expression to Eq. (3.14) in [41],
and allows us to understand where the growth seen by LW comes from. The first term
in Eq. (51) obeys the usual orbit-averaged equations, and thus decreases monotonically
as the binary inspirals. The second term scales as p; 2, but the semi-latus rectum also
monotonically decreases in the inspiral, and thus, this term is monotonically increasing.
In fact, this term can become larger than the leading PN order term in Eq. (51), which
induces a growth in the Keplerian eccentricity, producing the results of LW.

There are a few important distinctions between the growth seen by LW, and the
growth we have observed in Fig. 2. First, LW only considered the orbit-averaged
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radiation-reaction effects, whereas the growth in Fig. 2 is due to the full radiation-
reaction force to leading PN order. Second, LW include the 1PN and 2PN conservative
forces in the equations of motion, while in Fig. 2 we only considered the rN-RR equations
of motion. It is these 1PN and 2PN forces combined with the orbit-averaged radiation-
reaction force that produces the growth observed in LW. In our case, the secular growth
of the Keplerian eccentricity is purely a dissipative effect, arising from the non-secular
radiation-reaction force. In fact, as we have argued in [90] and will detail in the next
section, the growth arises from non-linearities in a MSA, specifically through the square
of first-order oscillatory terms. Thus, the growths seen by LW and that seen in Fig. 2 are
different phenomena and arise from different aspects of the radiation-reaction problem,
even though they are both formally a qualitative growth in an eccentricity parameter.
While the growths are different, there are some important similarities. First, when
considering circular orbits, one can show that in the rN-RR problem considered in
Fig. 2, 7 = 0 when V = 7. This is the same behavior seen by LW, and our numerical
calculations show that when the eccentricity begins to grow, V' becomes constant. The
interpretation of the growth is thus the same as LW, specifically the system transitions
from inspiraling ellipses to a quasi-circular state when the growth of the Keplerian
eccentricity begins to occur. Further, one can also perform a direct integration of
dey /dt, and construct a mean-squared eccentricity in the same way as LW, with the

()] e

From this, however, we see an important difference: the growth, which is caused by the

end result being

2048 , [ M 1°
2\ _ 2 2
() = a0 + 2t | 5] 0

second term, scales with n? in the analysis that led to Fig. 2, and it will occur later
in the evolution than the LW growth due to its scaling with M /p. One might want to
claim that the growth seen in the rN-RR problem is the same as the LW growth from
this relationship, but this would not be correct: the second term above is the square of a
2.5PN order correction, and is thus purely dissipative, while the LW correction is purely
due to conservative effects. Further, the above expression does not actually account for
all of the growth; to do so, one must consider a full MSA of the osculating equations in
the rN-RR problem, which we provide the details of in the next section.

4. Multiple Scale Analysis and the Post-Adiabatic Approximation

With our comparison of numerical techniques for solving the radiation-reaction problem,
we found that the secular growth in e* needs to be accounted for if we want an
accurate calculation of the orbital phase of the binary. If we desire to create analytic
Fourier domain waveforms that include this effect, how do we go about analytically
describing this effect? This section provides the framework to do so through multiple
scale analysis (MSA) [64], which relies on there being a separation of timescales in the

problem. For our purposes, these two timescales are the orbital period Ty, ~ M/v3
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and the radiation-reaction timescales is Ty = p/|dp/dt] ~ M/v®. The ratio of these
timescale Ty, /Try ~ v°, which is small when the orbital velocity is small; even close to
the end of the inspiral, when the orbital velocity is about 1/3 the speed of light, this
ratio is still small, 37° ~ 0.004. Thus, the MSA is well-justified in the inspiral phase of
the coalescence and in the PN formalism. In [90], we provided a brief introduction to
the MSA to obtain an analytic explanation of the growth, although MSA is also detailed
in [64, 34, 41, 70]. Below, we provide the full details of this analysis and how it goes
beyond the orbit-averaged (or adiabatic) approximation. We refer to the application
of the MSA as the post-adiabatic (PA) approximation. In analogy to how orders are
counted in the PN formalism, terms that are first order in the MSA will be referred to
1PA corrections to the orbit-averaged approximation.

Let us then define p = p/p, and t = t/(p?/M)'/?, where p, is a representative length
scale of the system. We further define the parameter ¢ = (8/5)n(M/p,)>/?, which we
take to be small. The parameter p, is arbitrary, but should be chosen such that ¢ < 1.
Previously, in [90] we chose p, = M, which allowed us to write the osculating equations
in “code” units, where effectively M = 1. One could make a different choice, specifically
ps = p(t = 0) = p;. However, when computing something observable, p, will drop out
of the expression for the observable, so the particular choice is largely irrelevant.

For our purposes, it is easier to choose the dependent variable as ¢ instead of ¢, since
the osculating equations are written as harmonic functions of ¢ and the latter would
require one to invert the complicated function t(¢). Thus, we choose u® = (p,a, ),
where recall that a = ex cosw and 3 = ex sinw, with the osculating equations becoming

d S 5

ﬁ - _# [C3 cos(jo) + S sin(jo)] (53)
§=0

dOé C > ~j . aj . .

= o 2 (O cos(io) + 5 sin(jo)] (54)
§=0

d . 5

£ = —# Z [C’é cos(jp) + 5% sin(jo)] (55)
j=0

dt p*/? (56)

do B [1+ « cos(¢) + A3 sin(¢))

We define the slow timescale gf; = (¢, and seek solutions of the form u® = pd(o, qz~5) +
Cui(d, @) + Cus(e,0) + O(CP) and t = (T'toi(d, @) + to(8,9) + Ctu(9, 0) + O(C?).
Generally, the solution at each order can be written as an oscillatory contribution
that depends on both ¢ and ¢, and a secular contribution which only depends on ¢,
specifically 1 (¢, o) = 15 s (@ d)+ 145 ... (@). Since we are interested in the secular growth
observed at small Keplerian eccentricity, we will seek solutions to these contributions
through 1PA order, and in a small eccentricity expansion to O(e?), where e, is the initial
Keplerian eccentricity.
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4.1. Zeroth post-Adiabatic Order and the Orbit-Averaged Approzimation

At leading order (OPA), the osculating equations become

aug . 8t,1 .
ouy o oy Ot
0 L I paggay s 58

where F*(u3) and T(ug) are the right-hand sides of Eqs. (53)-(56). The first set of these

equations implies the leading order contributions (u,t_1) have no oscillatory terms and

only depend on the long timescale ¢. This statement is consistent with the fact that,

neglecting radiation reaction, the orbital elements u® are constant on Keplerian ellipses.
We are now left with solving Eqgs. (58), which reduce to

dl’jjg,sec + a11’6(11,05(: dt—l,sec ato,osc
do ¢ do ¢

These equations may be solved by realizing that the second terms on the left-hand side

= F"(ug) ,

= T(k5) - (59)

of both equations are oscillatory and will vanish upon orbit averaging, specifically

au%,osc ]- o aIU/(]?,OSC a 7 a 7
(Tos=) =57 | 9=55 = 1l2md) = i (0.0) = 0. (60)

After applying the orbit average to Egs. (59), we finally arrive at the differential

equations governing the secular terms,

dpy... 1
doézg _ _F)BT [8 +7 (OZ&SQC + ﬁg,seC)} ’ (61)
0,sec
dztgec _ _22‘2;72 [304 + 121 (of ... + 55...)] (62)
0,sec
di(gec _ 245;_5/2 (304 + 121 (af .. + 55..)] (63)
0,sec

p 3/2
tfl sec pO sec
= = ’ . 64
dqb [1 - (a%,sec + ﬁg,sec) ] ( )

These equations can be combined to recover the results of Peters & Mathews [12, 13],
given in Eqgs. (42)-(43).

One could now solve the above equations numerically, but let us instead seek
solutions in the small eccentricity limit only to gain some analytical insight. In this
limit, ag.. K 1> Bo.. and we will work to second order in this expansion to recover
the growth shown in Fig. 2. When solving these equations, it is useful to choose one of
the components of the Runge-Lenz vector as a proxy for the time variable, and solve
for the remaining orbital elements in terms of this; we choose ag .. below. To obtain
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the differential equations for duf../dag .. one simply has to divide Eqs. (61)-(64) by
Eq. (62). First, consider df .../d0 s,

d/BO,sec o 50,sec

65
dQO,sec ao,sec ’ ( )
which can be immediately integrated to obtain
7 7 /8 ,sec 0 7
(@) = 000 (@) 24D _ 0 (9) tan(wr), (66)
ao,sec(0>
where we have used ag..(0) = e cos(w;) and fy... = esin(w), with (e,w,) the

initial values of the Keplerian eccentricity and longitude of pericenter, respectively.
Equations (65) and (66) are valid to all orders in eccentricity and don’t require any
expansions in small eccentricity.

Next, consider the evolution of py ., which is governed by

dpo,sec o 24p0,sec 8 + 7 (Oég,sec + 63,5(%)
d00pe Qe [304+121 (a2 + 32...)

) (67)
To solve this, we first insert Eq. (66) into the above expression and series expand about
) .. < 1 to obtain

dpo,scc _ 12p0,5cc 435p0,scc ao,sec
dag cee N 19010 e 1444 cos?(w;)

+ O (ag,sec) : (68)
Once again, this equation can be directly integrated, and after applying the initial
conditions py .. (0) = p, and ag,...(0) = e; cos(w;), we obtain

o, 8) = pio(@)2* {1 - B [1 - (7]} (69)

where 0 (@) = Q.. (®)/]e1 cOS(wy)].
The above procedure can be applied to the solve the remaining equations for

t 1 cee( 0 ) and gg(ozoﬁsec), specifically

5/2
T 1 P w3019 , 2| 100 2175 oiah4g 465 7168,/19
— Ly ¥ s —
(70)
4
N P ras/o 2|14 435 lugng 29535 610
B =t ) i _ 29999 1
totuecl@) = tot 32{ (@) +e {53 + 25579 31026 (¥ » (T1)

where (¢, t.) are overall integration constants. These equations can be inverted to write
the evolution of the orbital elements in terms of the secular variables ¢ or t_;, if one
desires. The solutions given above are equivalent to the post-circular framework of [92],
and the results of Peters and Mathews in the small eccentricity limit.
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4.2. First Post-Adiabatic Order

As discussed in [90], the secular growth in eccentricity can be recovered if one goes to
higher order in a MSA of the osculating equations. We here provide an analytic analysis
of the osculating equations to first order beyond the adiabatic approximation, or 1PA
order. This requires us to solve for both the oscillatory and secular contributions to
pu$ and tg. We will begin with the oscillatory terms (u‘iosc,tg,osc), which require us to
return to Eq. (59). The general procedure for obtaining the oscillatory terms is to move
the first term on the left-hand side of these equations to the right-hand side, apply the
equations governing the adiabatic approximation djig . /d(ﬁ, and then integrate with
respect to ¢, specifically

0 (6.6) = [ do {Flug.(8).6) - ()06, (00)} (72)
t0(6.68) = [ 46 {T113.0(8):6) — (T) i (90} (73)

First, consider the oscillatory corrections to the orbital elements pf .. The forcing
functions F* are generally given by the right hand side of Eqgs. (53)-(55). Inserting these
into Eq. (72) and integrating, we arrive at

P1oc(:0) = o ( 23:%{ 5 | €050c(9), osec ()| cos(jo)
~Cj |a0sc(8): fosee(9)| sinGio)} . (74)
; °. 1 .
el00) = = ;;{ |00 0e(). o) ] cos(jo)
—~CJ |@0see(@): Boaec )] sin(ie) | . (75)
Browe(6,6) = o ( Xij%{s |€0e(9), o see ()| cos(je)

~C5 [00sec(d). Bosec(d) | sin(Go) } . (76)

These resemble the integrated (with respect to ¢) version of Eqs. (53)-(55), except that
the sums begin at j = 1 instead of j = 0. These expressions are also general since they
apply for arbitrary eccentricity.

In order to gain some analytical insight, let us again focus on the small eccentricity
limit. To obtain this limit, one can insert the solutions for [p07sec(<5), Bowee(@)] into the
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above equations, and expand about g .. < 1 > €, to obtain

o10(6:9) = =55 { i (D1 s — ) + Lo P snl2(o -]} (7T
. 8 [ sin(e) 2175 5 e
a1,osc(¢’ (b) = - p?/Z {O-(CE)BO/IQ (1 + %612) + EW sm(2¢ - U.)I)
+e20(p)/10 [% sin(¢) + % sin(¢ — 2w;) + % sin(3¢ — 2w1)} } ,

(78)

~ 8 cos() 2175 5 e
/Bl,osc(¢7 (b) = p?/2 {0(5)30/19 <1 —+ ﬁe?) -+ EW COS(2¢ — wI)

~ 9377 77 91
+e20 ()% {ﬁ cos(¢) — 96 cos(¢p — 2w,) + 288 cos(3¢ — QwI)} } .
(79)

For the solutions tg...(¢, qz~5), it is actually easier to simply start with such an expansion
from Eq. (81), rather than solving for the general expression and performing the
expansion afterward. Doing so, we obtain

000e(0, ) = P0e(9)2 {2 [ Ao ) c05(6) — 0,.c(6) sin(0)]

—I—% |:<a0,sec(q5)2 — /30,sec(¢~5)2> sin(2¢) — 2ao,sec(¢~5)50,sec(¢~5) cos(2¢)} } (80)

After inserting the solutions from the adiabatic approximation, we finally obtain

0.0 (0, 0) = i’ {—zela@ﬂ/” sin(p — w) + e0()"1 sinf2(p - m]} . (81)

which completes the calculation of the 1PA oscillatory terms in the small eccentricity
limit.

The first order computation still isn’t complete, however. While we have now
exhausted Eqgs. (58), we still do not have the first order secular contributions (1f ..., to scc)-
To obtain these, one must go to next order in the MSA, which gives

alh 8N2 b a at0 oty
+ =2 = b 0F) (1, ¢) +—

where 9, = 9/0ub. The general procedure to solve these equations follows the exact

= [abTa] <N0> o) (82)

same steps as used at OPA order. Thus, the equations governing the first order secular
corrections are

dps .
d¢
dto,cee
do

= 1Y e $OF ) (5) + (11 0. OF ) (125) (83)

= 1Y O T (1) + (111 0O T) (115) (84)
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where we have used the fact that u§ = pf...(¢) + p,..(¢, ) to expand the right-hand
side. Naively, it might seem like the second term will vanish upon averaging, but it
actually does not since oscillatory terms in the forcing functions will combine with the
oscillatory pf ., producing terms that are non-oscillatory. This is a general feature of
higher order computations.

The expressions resulting from the above orbit average procedure are rather lengthy
and not necessary for our purposes. If we expand in the low eccentricity limit, the
resulting differential equations become

dpy . 18 P1cec(9) 2 21 ~ ~
dao,sec - _1961 cos(wl) ( ) {1 + 50 304 (¢) } + 1_9P1 [al,sec(¢) + /Bl,sec(¢) tan(%)} )
(85)
dog see 1 1 gee (@ 5) 121 , ~ 5 51,3%(65)
dag. s cos(w) ((5) {1 + ﬁe cos ( Do(é)” |1+ o ((;3 tan(wl)] }
_ OP1 e 296 tan(w)
2p10(q~5)12/19 57p?/2a(<5)30/19 ’ (86)
d/Bl,sec . 1 517%0(@ E 2 N2 OéLsec(q;)
dag e €rc0s(w) 0(95) {1 * 152" cos{ur) sin(wi)o (¢) [51,500(&3 —|—tan(w1)] }
P t~an(w1) n 296 ' (87)

20,0(0) 1% 57p] g (30

The above differential equations may seem singular in the limit w; = nm/2 where n € Z.
However, this is an artifact of our use of ag .. as a proxy for time, since in this limit
ap..(0) = 0. For this case, it would be more appropriate to use [y .. as the evolution
variable instead of ap ...

To solve for the 1PA secular contributions, we require an ansatz of the form
P e = M9 §S§ + ey (ec) + €2l S(ec), and then we need to solve the above equations order
by order in e;. For initial conditions, we require that u$(0,0) = 0, which implies
1] .(0) = —pf . .(0,0). These conditions are then applied at each order in e; using

Egs. (77)-(79). The end result for the 1PA secular contributions are

36 + 1680 (¢)08/19
U(Q;)18/19

) = 6e,sin(w,) |44 + 7o (@)% | 5e2 sin(2w,)
P1,sec 17p3/2 O—(&)lB/lQ 408p3/2

(@) = 20520) [37 - 11~2a<q3>30/19]
7 45pP/? o ($)11/19
€2 sin(2w;) | 71478 — 197540(¢)*/19 4 27905 ()58/19
5814P5/2 [ g(qg)ll/lg ]
37 + 380()30/19
o (p)11/19

] (88)

(89)

8 oG _ dercos(wn)
Pi 45p;"”
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62 1 - ~
+ L . 7942 + 23630 ()31 + 310()%%/1?
5814p;’* o(p)11/19 { ) )
v [71478 — 491470($PY1 + 2795(5)%/ 19] COS(QwI)} (90)

Following the same procedure for dtg .../doyg ..., and using the above solutions, we find

7Y #3/2 : _@ ﬁ 7\18/19 1413 71\86/19
() =1/ {cusino) [~ 105 + ()1 + 5 20(5)
201 15

te2 sin(2w) [ o (B)18/ + @a(@%m} } o)

688 T 272 5848

4.3. Reconstructed Eccentricity

Now that the PA expansion has been carried out to zeroth- and first-order, let us use
the solutions to reconstruct physical observables. The Keplerian eccentricity is given as
a function of the Runge-Lenz vector in Eq. (44), which upon expanding is

(9 6) = A0.e(9)* + (@) + 2 [0,1e(9)01(6,8) + i cD)51(6,9)|
+¢* |aa(6, 82 + Bu(9,9)?) (92)

where we have not truncated at O(¢). We plot the contributions at each order in ( in
the left panel of Fig. 4. The leading order contribution reproduces the well known orbit-
averaged results, while the first order O(() term, is dominated by oscillatory behavior,
even though it is a sum of both oscillatory and secular terms. This should not be
unexpected, however. The purely secular function a((ﬁ) decreases as the binary inspirals,
since it scales like €2*(t)/e;. The 1PA oscillatory terms scale as @y oo ~ 0319 ~ 3
while the 1PA secular terms scale as o ... ~ 0 /¥ ~ g, . to leading order in o. Thus,
the 1PA oscillatory terms dominate the linear-in-¢ corrections to €. Finally, we plot the
O((?) corrections in the bottom panel of Fig. 4. These contributions contain both the
expected secular corrections from (aq ..., 51 ), but also secular contributions that come
from the square of the 1PA oscillatory terms. These contributions show strong growth
in the late inspiral and account for much of the secular growth. We compare the 1PA
reconstructed eccentricity from Eq. (92) to the eccentricity as computed by numerically
solving the osculating equations in the left plot of Fig. 4. The difference between the
numerical eccentricity and the 1PA eccentricity does exhibit a secular trend in the late
inspiral, indicating that one could create an improved measure of eccentricity by going
to higher PA order. However, the difference seen here is less than one hundred times
smaller than ey at the end of the inspiral, so including higher PA order terms will only
result in marginal improvement compared to the numerical computation.

Since we have left out the 2PA contributions to (a, 8) in Eq. (92), one may wonder
whether these terms have a large impact on the secular growth described here. While
it is difficult to compute these contribution analytically at 2PA due to the increased
complexity of the 2PA differential equations, we have numerically investigated the
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impact of these effects on Eq. (92) by numerically solving the MSA equations through
2PA order. We found that the 2PA terms do not significantly affect the secular
growth. This can be understood through the analytic calculations carried out here. The
contribution to Eq. (92) from the 2PA contributions of the Runge-Lenz vector enter as
2 (0, 0)0,eec (@) + B2(¢, 8) Boec(®). As we pointed out previously, ag . ~ 0() ~ o e,
and thus the 2PA contributions to the Runge-Lenz vector are suppressed relative to

the 1PA-squared terms. This is further compounded by the fact that o(¢) decreases
monotonically as the binary inspirals.
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Figure 4. Left: Plot of the terms at order O(e®) (top), O(e) (middle), O(e?) (bottom)
in the 1PA reconstruction of €}2<. Right: Plot of ex from the numerical evolution of
the osculating equations (solid line) and at 1PA order (dot-dashed). The bottom
panel displays the difference between the numerical evolution and the 1PA calculation,
multiplied by 10%.

As a final step in our computation of the 1PA approximation, we compute the
transformation o(x), where y = F;/ Fojsec(gz;) with F' = 1/T,,, the orbital frequency. We
are interested in determining how the inclusion of secular growth affects our ability to
measure orbital eccentricity from GW observations, and central to this goal will be the
creation of a post-adiabatic Fourier domain waveform. To do this, one needs to know
the mapping ex(F') in order to apply the stationary-phase approximation [64, 92, 98].
For our calculation, this amounts to finding o(x). Writing out the orbital frequency and

evaluating it with the leading-order secular contributions y§ ., from Eqgs. (66) and (69),
we find
P = P {(0) 00 - BB () 0 [-1+ (0]} (93)
’ D776
where F = (p?/M)'?F and F, = (1/2m)[(1—¢€% ) /p,]**. We seck a perturbative inversion
of this in the limit e; < 1, specifically o(x) = o¢(x) + €?01(x). Inserting this ansatz
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into Eq. (93), expanding about e;, and solving gives

3323
_ J19/18 _ 2,19/18 (_q 19/9 94
where x = F,/Fy.... This expression is equivalent to Eq. (3.11) in [92]. We can now re-
express the 1PA approximation in terms of x by using this expression and re-expanding
about ¢; < 1.

5. Toward Hybridization of Eccentric Inspiral-Merger-Ringdown
Waveforms

We have shown throughout this work that the secular growth of the Keplerian
eccentricity in the late inspiral is unavoidable. Although the eccentricity itself is a
coordinate dependent quantity and is not an observable, it does induce observable effects
into the GW emission of the binary. We here explore the impact of the secular growth
of the eccentricity parameter that enters PN waveform models on the GW evolution.

5.1. Waveform Harmonics

How does the eccentricity impact the GW emission of a binary system? For circular
binaries, and at leading PN order, GWs are emitted at twice the orbital frequency.
Once the binary becomes slightly eccentric, the system also emits GWs at the first
and third harmonics of the orbital frequency, but the power is still dominated by the
second harmonic. As the eccentricity increases, the GW power can be spread over all
possible harmonics of the orbital frequency. If one does not properly account for this
extra harmonic structure, one could bias the parameters of the recovered signal, or lose
detection efficiency.

To quantify the effect of the eccentricity evolution on the observed GWs, we
compute the harmonic coefficients

b =

D. (Y : it
2 dt [hy(t) —ihy(t)] e (95)
to

where ¢ is the imaginary unit, and ¢ is the mean anomaly, which in the presence of
radiation reaction becomes

((t) =27 / dt T, (1)t (96)

Formally, we take the limits of integration (¢o,¢;) to be the start and end times of our
numerical evolutions, specifically tg = 0 and t; = t(p = 6M). We plot the coefficients 1);
in Fig. 5 for the same system as Figs. 2, and for the three methods of evolving the binary.
From the norm of the coefficients |1);| (top right panel), we see the typical behavior one
would expect from a slightly eccentric system: the j = 2 harmonic dominates the power.
However, one can see clear differences between the coefficients in the different methods
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by computing the difference between the coefficients relative to the direct evolution
method. The coefficients computed in both the osculating and direct-evolution methods
agree, which is to be expected since these methods produce the same trajectories for the
binary. However, the coefficients in the orbit-averaged method show small differences
when compared to the direct evolution method, with the coefficients differing by roughly
15-45% depending on the harmonic.
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Figure 5. Waveform harmonic coefficients 1; for the three evolution methods
considered: osculating (circles), direct evolution of the relative coordinates (squares),
and orbit-averaged (triangles). The binary system has initial conditions (py, er, wy, ¢r) =
(20M,1072,7,0) and masses (my,mo) = (10,10)M. The bottom right plot shows
the difference in the norm of the waveform coefficients relative to the direct evolution
method. The coefficients of the osculating and direct-evolution waveforms are identical,
while the coefficients of the orbit-averaged waveforms display differences of tens of
percent when compared to the direct evolution method.

We consider another scenario of interest in Fig. 6, a binary with e; = 0. Note that
even though we have set the initial Keplerian eccentricity parameter to zero, the orbit
is not per se circular, since oscillations will be present in both the radial separation
and velocity at the beginning of the evolution. In the orbit-averaged approximation,
the Keplerian eccentricity ex remains zero throughout the inspiral. On the other hand,
in the osculating method, the eccentricity parameter grows, which is consistent with
quasi-circular notion that the binary has a non-zero radial velocity. Once again, the
coefficients from the orbit-averaged evolution do not match those of the direct evolution
method, but those from the osculating approximation do. In principle, one could thus
“search” for the presence of eccentricity growth in a detected signal, or an NR waveform,
by computing the harmonic coefficients in this way.
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Figure 6. The same as Fig. 5, but with e; = 0. In this case, the Keplerian eccentricity
ex grows secularly throughout the inspiral, while in the orbit-averaged approximation,
it remains zero. As with the previous case, the coefficients in the orbit averaged
approximation show differences of tens of percent relative to the direct evolution
method, while they are identical in the osculating approximation.

There is one problem that complicates such a computation. Consider the imaginary
part of v;, specifically within the orbit-averaged approximation and for the case of
e; = 0. In the bottom left panel of Fig. 6, we see that the first and third harmonics
have a small deviation from zero. However, the conventional wisdom about the orbit-
averaged approximation for such a system is that only the second harmonic should be
non-zero, since the amplitude of all other harmonics scales with e,. We have verified that
the small imaginary component of ¢); and 3 are not due to numerical error. Instead,
they result from something more fundamental, specifically the breaking of orthogonality
in the radiation-reaction problem. In the modeling of eccentric systems, one often
performs a Fourier decomposition, such that the motion, and as a result the waveform,
can be written as harmonics of £. However, this decomposition only works provided
the frequency of these harmonics is fixed, and thus, orthogonality between different
harmonics is preserved. When radiation reaction is included, the frequency of each
harmonic evolves in time, and this orthogonality is broken. In fact this has already
been studied in the context of GW modeling in [98].

For systems with small eccentricity, this can complicate any comparisons to actual
detections or to NR waveforms. Detections contain uncertainties due to detector noise,
while NR simulations contain numerical error. The harmonic coefficients 1,5 are very
small for the systems considered here, and thus may be completely contaminated by
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numerical error or systematic uncertainties if one attempted to apply these measures to
detections or NR waveforms. Once detections are achieved with sufficiently high SNR,
or NR simulations reduce numerical error sufficiently, the computation of v; will be
possible, and direct comparisons could be made to the PN waveforms considered here.

5.2. Faithfulness

An alternative method of comparing different waveform families is through the use of
the match. One can define the noise weighted inner product [128] between waveforms
to be

(le1|]~12) = 4%/df ;L:(hf;) (97)

where h(f) is the Fourier transform of the time domain waveform h(t), * corresponds
to the complex conjugation, R is the real part operator, and S,,(f) is the power spectral
density of the detector considered. The match between waveforms is then defined as the
normalized inner product, maximized over time and phase offsets, specifically

(ih|]’“l2€2mfm+m¢) |
(h1|h1)1/2 (h2|h2)1/2

(98)

= max
’ At,A¢p
When comparing PN, analytic, Fourier-domain waveform computed in the stationary-
phase approximation to numerical waveforms, (At, A¢) are (t., ¢.), the time and phase
of coalescence, which enter the analytic template as integration constants. In our case,
we are comparing numerical waveforms, so we simply apply a time and phase offset to
one of the waveform through the overall factor e?™/A#4¢ and maximize over these.
The match M 5 is always in the range [0, 1], and is related to the parameter bias
induced by using one waveform hi to detect another hs. In order for the recovered
parameters to be within one-sigma of the injected value, the match must be

Mis>1-— %, (99)
where D is the dimensionality of the intrinsic parameters of the system, and p = (h|h)'/2
is the signal-to-noise ratio [129, 130, 131]. For the eccentric systems considered, D = 5,
with the intrinsic parameters being (pi, ex 1, wi, M1, M3).

We desire to determine at what SNR using orbit-averaged waveforms will produce
parameter biases relative to the waveforms computed via direct evolution. For
comparison, we also desire to quantify whether the osculating approximation will
produce any biases relative to the direct evolution. We thus compute the match between
the waveforms in these two approximations versus the direct-evolution waveforms, taking
the initial conditions for the numerical evolution of the radiation-reaction equations to
be the same across all methods. Specifically, we require the initial values of the relative
coordinates to be the same between the various methods. We also require that the
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eK,I = 1072, q = 1 M = 10M® M = QOM@ M = 4OM® M = 60M®
Moape 0.9997 0.9998 0.9998 0.9998
Moeepe 1.0000 1.0000 1.0000 1.0000

exs = 1072, my = 5My | mg =5Mgy  my = 10My mg =20M,; my = 30M,
Mooape 0.9997 0.9998 0.9999 0.9999
Moeenn 1.0000 1.0000 1.0000 1.0000

my = 5M®, mo — 5M® GKJ - 0 6}(71 - 10_3 €K71 - 10_2 GK,I — 10_1
Moape 0.9997 0.9997 0.9997 0.9997
Mo b 1.0000 1.0000 1.0000 1.0000

Table 1. Matches between waveforms computed in the rN-RR problem using the
direct-evolution (DE), osculating (Osc), and orbit-averaged (OA) methods. We vary
the total mass (top), mass ratio (middle), and initial Keplerian eccentricity (bottom)
of the binary, while the remaining parameters are held fixed, i.e. (wy,¢, 5) = (7,0,0).

initial orbital frequency F' = 5 Hz, and evolve the binaries up to ISCO. We then take
the limits of integration in the inner product to be fu;, = 10Hz and fi.x = 2Fisco-

The results of this computation are show in Table 1, where we vary the total
mass, mass ratio, and initial eccentricity. For all cases, the match between osculating
and direct-evolution waveforms is always unity to the level of numerical error, i.e.
M. ps = 1. This is expected since the osculating and direct-evolution methods produce
the same trajectories for the binary up to our numerical accuracy. The match between
the orbit-averaged and direct-evolution waveforms, however, is less than unity but still
Mooape > 0.9997 in all cases. Using Eq. (99), the SNR at which a match less than one
starts to introduce parameter bias is p2;, = (D/2)(1 — Mospr) ' For the systems that
we are considering, and taking Mo, pp = 0.9997, this corresponds to peir = 90. Systems
with SNR above this value will have their parameters biased if one performs parameter
estimation on eccentric systems using orbit-averaged templates. While ground-based
detectors have not detected systems with such a high SNR, these detectors are still
undergoing improvement, and it is not unreasonable to expect p ~ 100 events in the near
future. Further, third generation detectors are expected to detect events with p ~ 1000,
thus increasing possible biases in recovered parameters with orbit-averaged templates.
Thus, the inclusion of radiation-reaction effects beyond the adiabatic approximation will
be necessary in the not too distant future to ensure parameter estimation on eccentricity
signals is not biased. We consider the construction of analytic Fourier domain templates
in the post-adiabatic approximation in the next section.

5.3. Post Adiabatic, eCcentric, Multiscale Analysis, Next-to-leading-order (PACMAN)
Waveforms

The preceding sections give the following picture: the secular growth in the Keplerian
eccentricity has an observable impact on the GWs emitted by binary systems, and post-
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adiabatic effects that cause this growth will be needed in waveform models in the future
to limit biasing recovered parameters. In this section, we detail the construction of such
a model, relying on the stationary-phase approximation (SPA) [64], which has found
wide application in the construction of analytic Fourier domain waveforms for GWs
from binary systems (see, for example, [98, 131, 92, 102]). The SPA is a method of
approximating integrals of the form

I(f) = / dtA(t)e W | (100)

and relies on the phase W(t) varying more rapidly than the amplitude A(?).
More precisely, this requires A7'dA/dt < dV¥(t)/dt. Within the orbit-averaged
approximation, this relationship is well known to hold for both circular and eccentric
systems. However, this is not necessarily true in the post-adiabatic approximation, since
the orbital elements themselves become oscillatory.

To test whether the SPA condition still holds in the PA approximation, we
numerically solve the osculating equations for [p(t), «(t), 5(t), ¢(t)], and insert them
into the time domain waveform coefficients of each harmonic given in Egs. (B.6)-(B.20).
We plot the amplitude of the cos(¢) harmonic in A as a function of time, against the
time derivative of the orbital phase in the left plot of Fig. 7. We see from this that the
oscillations in the orbital elements cause the SPA condition to be violated. Normally,
this would present a problem if we sought to analytically evaluate the Fourier transform
of the time domain waveform. However, an oscillatory part of an amplitude can always
be recast as part of the phase. For example, in Eq. (100), if A(t) = A'(t)e™'® where
A’(t) is a non-oscillatory function, then the integral can be rewritten as

1(f) = / dLA/ () O+ O] (101)

and one can apply the SPA to the above integral. Note that, at this stage, the
application of the SPA requires that the two phases add constructively. If the phase
add destructively, then there can exists points where the first and second derivatives
of the phase both vanish, creating catastrophes and breaking the stationary phase
condition. The SPA method can be modified in these cases to obtain the Fourier
transform [132]. We have verified that catastrophes do not exist when we separate
the oscillatory contributions from the amplitude.

The PA approximation provides us a means to separate out the oscillatory behavior
of the orbital elements in the osculating method from the amplitudes of the waveform.
To understand how to do this, it is useful to consider just one of the harmonics, since
the procedure is sufficiently general that it can be applied to all of them. Consider, for
example, the third harmonics of the orbital phase in h,, or more specifically,

=) _ M '

R ™ = —— [(Hy, +iH{,) e + c.c.] (102)
pDy ’ ’

where we have re-written the trigonometric functions in terms of complex exponentials,

and c.c. is shorthand for the complex conjugate of the preceding term. The above
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harmonic contains three pieces: an overall amplitude hy = —nM?/pD,, a harmonic
coefficient H = Hj, + iHj,, which depends on the components of the Runge-
Lenz vector (a, ) and the polarization angles (¢,v), and the exponential e=2%. The
exponential will automatically become part of the phase in the Fourier transform of
the waveform, so it does not require any special treatment. The overall amplitude hg
and the harmonic coefficient, on the other hand, require us to perform a PA expansion.
First, consider hgy, which only depends on the semi-latus rectum p. Using the PA
approximation, and the fact that p = p,p, we can write this as

oM? 1 M1 [1 4 (Proc(@0) +P1(0)
Dip(¢,0)  PePrpy..(9) Po.ec(9)

where we have expanded in ( < 1 to obtain the second equality. Now, we may apply

+O(g2)], (103)

the solution for the 1PA oscillatory contribution p, (¢, ) given in Eq. (77) to re-write
the above expression as

M2l Prc(®)
L :_77 ot 15ec Plsec\¥) zkfb C. , 104
0= D po,m(qb){ @) CZ[ CC}} 1w

0 sec

where hj are functions that only depend on time through gb. In this manner, we have
thus separated hq into parts that only depend on ¢, and parts that contain oscillatory
contributions, which are to be re-combined into the phase of the Fourier transform.
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Figure 7. Check of the SPA condition A~'dA/dt < d¢/dt, for the BH binary in
Fig. 2, with (right) and without (left) the 1PA oscillatory contributions removed from
the amplitude.

Now consider the harmonic coefficients Hy , which, using Eqgs. (B.10) and (B.13),
can be written as

A = 23+ cos(20] e [a(6,0) +18(6,5)] (105)
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Once again, we expand this expression out using the 1PA expressions for a(¢, gg) and
B(¢, @) given in Egs. (78) and (79), obtaining

o

3
Hi = g B+ cos(2)] ™ {ao,m@) + i600e(0) + € [Q1,0(8) + iB1e(D)] + ¢ D (é)ezw} |

We may now recombine this with the PA expansion of the overall factor hg to re-express
h9=9) as

4
hSZ:B) _ UL _ Z [H;(&)e”’jd’ + c.c.} (107)
p*DL pO,sec(qb)

where the coefficients Hi are easily constructed from Egs. (104) and (106). This can be

J=0

generalized to any of the harmonics of hA,. Thus, the general structure of A, and hy

takes the form
6

oM? 1 X (i
e B S o
x p*DL pO,sec(qS) _];0 !

The question is now whether the new amplitudes, which only depend on <;~5, satisfy the

SPA condition. We investigate this in the left plot of Fig. 7 for the first four harmonics
of the above expression. We see from this that the large oscillations which cause the
violation of the SPA before the PA expansion are now gone, and the new amplitudes are
several orders of magnitude smaller than the time derivative of the orbital phase. This
implies that the PA expansion is naturally well suited to the application of the SPA.

Before we consider the application of the SPA to the Fourier transform of Eq. (108),
there are two subtle details in the PA expansion that need to be pointed out. First is
the presence of p, is the waveform amplitude. This also enters the waveform through
any factor of (. However, p, is an arbitrary scale that was introduced in order to
perform the MSA, and thus, should not be a true parameter in the waveform. We have
verified that once the waveform is written in terms of the physical semi-latus rectum, or
more specifically po,sec(ql;), that all factors of p, cancel and the waveform is completely
independent of this arbitrary scale. We will show this explicitly when we write down
the Fourier domain waveform later in this section. Second, in Sec. 4, we solved for the
evolution of the orbital elements to 1PA order. However, the secular growth results form
1PA-squared terms in the eccentricity given by Eq. (92). Since we desire to capture the
effect of the secular growth in the Fourier domain waveform, we do not truncate the
amplitudes H;“X at 1PA order, but also allow them to contain 2PA terms that result
from the square of 1PA terms. As a result, these amplitudes will not be complete to
2PA order, but will contain the effects of secular growth. Recall that, as we showed
before, 2PA corrections to the Keplerian eccentricity through Eq. (92) are suppressed
relative to the 1PA-squared terms, and thus should not have significant impact on the
waveform.

Now that we have a PA time domain waveform, we may consider the practical
problem of applying the SPA to the Fourier transform of this waveform. We desire to
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construct a frequency domain template that captures PA effects like the secular growth
in the waveforms observed by GW detectors. For this reason, we consider the Fourier
transform of the detector response, h(t) = Fyhy(t) + Fxhy(t), where (F, Fy) are the
beam pattern functions, specifically

1
F, = 5 (1+ cos® ©) cos(29), (109)
F, = cosOsin(29), (110)

where (O,®) are the sky location of the source. The Fourier transform of h(t),
specifically h(f) = F[h(t)], takes the form

7 77M2 / iU (f,0) H;(&) iUt (£1)
h(f) = R e A N (111)
Z [poqec

Po,sec(¢)

where H,(¢) = F+H;r(g5) + FXHJ-X(qg), U (f,t) = 2mft + jo(t), and * corresponds to
complex conjugation. The application of the SPA requires the existence of a stationary
point in the phases \Iff( f,t). However, the PA expansion in Sec. 4 is given in terms of
the variable ¢, and not ¢t. One could derive the relationship ¢(t), or ¢(t), and re-express
the 1PA solutions in terms of ¢ in this manner. Although, from a practical standpoint,
it is much cleaner to continue to work in terms of ¢ instead of ¢. This does require a
few extra steps to modify Eq. (111) so that it becomes an integral of é

Let us begin by considering the phase \II;E( f,t). In a PA expansion, this can be
written as

W (f,6,6) = (1 [27F £ 1,(6) £ ] + 27 [t0,0(6,9) + t0.ee(9)] + O(0),  (112)

where f = (p?/M)"/2f, and we have used the fact that ¢ = (¢. This phase contains
oscillatory terms through tg ..(¢, (5), which can complicate finding the stationary points.
In the preceding discussion, we re-expressed amplitudes that contained oscillatory
components into new amplitudes, that were only secularly evolving, and a correction to
the phase of hy «(t). To handle the oscillatory terms in \Ifi, we can apply a similar
procedure. We consider the function &Yy , separate out the oscillatory terms, and
perform a small eccentricity expansion, specifically

2
V5 (F.0.0) _ oV (£.6) 2mif t0,0sc(6:6) _ oiV5 f¢){ +Z [Tk £, 6)eike +C‘C}} (113)
=1

where

UE(f,0) = ¢ [20Ft1(9) £ O] + 27 0. (9), (114)

and Ty (f, ¢) are complex functions that arise from Eq. (81) and are accurate to O(e?).
The terms e**¢ can now be recombined in the Fourier phase \I/ji( f,¢) by using ¢ = Co.

This expansion and the treatment detailed above is similar to what one normally
does when considering the SPA for eccentricity binaries in the post-circular limit. The
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Fourier phase \I/ , when written in terms of the orbital phase ¢(t), can have many
stationary pomts for each value of j. On the other hand, one can re-write the Fourier
phase in terms of the secularly evolving mean anomaly, £(t), which ensures that each
harmonic has only one stationary point. The oscillatory terms in the relationship
between ¢ and ¢ are re-expressed as part of the amplitude using a Bessel decomposition.
Now, consider the differential dt. This can be immediately converted using

= (dt/d¢)d¢. However, we once again have to perform a PA expansion, ensuring
that oscillatory terms are properly separated out and combined into the phase. More

(PN o) ots.9)] -
dt_Cl(M) [ TR L (115)

where t(¢, $) is given to 1PA order through Eqs. (71), (81), and (91). The process
of separating out the oscillatory terms coming from tg ,..(¢, ¢) follows the exact same

specifically,

procedures detailed above, so we will not repeat them here. After re-inserting all of this
back into Eq. (111), we finally obtain the Fourier integral

) = ¢ (L) A 5 | [a@e o @)
e

The process of re-arranging the amplitudes and phase, as well as writing the integral
over gz~5 instead of ¢, ensures that each harmonic in the integrand will only have one
stationary point, and we thus may now apply the SPA to the above integral.

To solve for the stationary points ¢, we seek the points where d\Ifi( f.0)/do = 0.
Taking the necessary derivative, we have

dUE(f, o
A0 _ ¢! {27?16 S j]
do do

This can be directly solved to obtain

. —1 -1
f — :Fi <dt1~,sec) 1 _ C (dtlﬁjsec) (dto,jec> + O(gQ)
2T\ d¢ /4=, b /=3, \ A9 /4=,

J 2 dtO,sec> 2
—F—|1- - +0
:FTorb(gbs) [ C orb(¢s) ( d¢ <13:¢~>s (C )

where in the second line we have applied Eq. (64), and realized that this is simply
the orbital period normalized by (p?/M)'/2. The right-hand side of this expression can

+omf —2 =0 (117)
¢

(118)

be straightforwardly evaluated, using the results of Sec. 4, to obtain &S(f). The first
term, which is O(¢), is the condition for the stationary point in the orbit-averaged
approximation, which has been found in previous work. We find that this is modified by
a 1PA order term, which acts to blueshift (increase) the frequency in the case of ¥}, and
redshift the frequency in the case of \If , since dtg.../d¢ < 0. Further, this additional
term scales like a 2.5PN order correctlon relative to the leading-order term, due to
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how the PA expansion works in the problem we are considering. Thus, for inspiraling
binaries, this term is always guaranteed to be much smaller than the leading order term.
This ensures that the frequency for \I/;r is always negative in the inspiral, and can be
neglected for the sources under consideration.

To evaluate the Fourier integral in Eq. (116), we expand both the amplitude and
phase about gzgs, specifically

6

7 spa P« 1/2 7]M2 e ® g i ) () (P—s)?
e (f) = —¢ L ( ) Z TG [ g @D 96607 - (119)

The above integral can be easily evaluated, and after applying (53 (f), we obtain

6

~ 5 1/2 M5/6 \1/0 ) +5TPA
spa . 4 Z i f
(f) = - <384) 72316 D, Z ! 0L (120)

where the Fourier phase is

. . 19/9
BO(f) = 27 fle — jbo — — + —o2— LV 5/3[ i (]i) ] (121)

RIETERD) 14627\ 7
~ 4 r 1413 )™
OUIN(f) = j (1_7@1 S+ el cosw Sm““) 77 | pggerines (%)
2355 . AN
ik 122
2001 B¢ Smwl( f ’ -

with M = Mn?/® the chirp mass of the binary, F} the initial orbital frequency, t. = ¢ 't,,
¢e = ("¢, and the Fourier amplitudes A;(f) are given explicitly in Appendix C. This
completes the derivation of the PACMAN waveform.

Before continuing, it is useful to note a few properties of the Fourier phase of the
PACMAN waveform. First, the term proportional to j in 5\11;_-“ is a constant, and thus,
completely degenerate with the arbitrary phase of coalescence ¢.. In fact, this term can
be removed from the total phase by re-defining ¢.. Second, the term proportional to
43, is actually a 2.5PN correction to the adiabatic part of the phase \if?. This can be
seen be realizing that the orbital velocity is v = (mMf)/3. The frequency dependent

5 a well known result of the orbit-averaged

part of the adiabatic phase scales as v~
approximation. Meanwhile, the frequency dependent part of 5@?”‘ scales like v°, and is
thus v°, or 2.5PN order, higher than the leading PN order term in the adiabatic phase.
The amplitudes display a similar structure, which can be seen from Eq. (C.1). This is
exactly the behavior we expect from the PA approximation considered here.

Before we consider parameter estimation with the PACMAN waveform, we would
like to note a few key aspects about the model. In developing this waveform, we worked
to second order in e;, and as a result, the amplitudes and phase of the waveform are only

accurate to this order. We only considered the small eccentricity to this order, since it is
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the minimum order that is required to understand the secular growth reported here. We
do, however, have analytic control over these expressions, and one could easily extend
them to any order in e; if one desired to consider binaries with moderate values of the
Keplerian eccentricity parameter. For an example of this higher order computation in
the adiabatic limit, see [92].

Further, we have thus far only considered the rN-RR problem, and as a result, the
adiabatic part of the PACMAN waveform’s phase, ¥ i, 1s only accurate to leading PN
order. This would normally limit the waveform’s usefulness for source of ground-based
detectors, since higher PN order effects can have a significant impact on the phase of the
GW. However, the benefit of the PA expansion considered here is that the adiabatic part
of the phase is identical to the phase one would find by working in the orbit averaged
approximation, with corrections only appearing at O(v°"), where n is the PA order one
is working to. As a result, one can very easily write down the adiabatic part of the phase
to 3PN order, which is given to second order in e, in Eq. (6.26) in [133]. The next order
PA effects from the 2.5PN radiation reaction force would enter the phase at relative 5PN
order, or O(v'?) relative to the leading PN order term in the adiabatic part of the phase.
In reality, the “true” next order PA effects will actually enter at relative 3.5PN order, or
O(v"), since the radiation reaction force also contains corrections at 3.5PN order, or 1PN
order relative to f; spx, Specifically fz sex- In order to include these effects, one would
have to repeat the analyses carried out in this section, as well as Sec. 4, startmg with
the osculating method for the equations of motion @ = fN + fle + f2 5PN T f3 spn, Which
is the relative 1PN order radiation reaction problem. We considered the presence of
eccentricity growth in this problem numerically in Fig. 3 of [90], with the PA framework
for tackling this problem developed in [49] and 1PA oscillatory corrections considered
in [49, 50, 133].

5.4. Parameter Estimation

Now that we have obtained the Fourier transform of the detector response h(f) in the
SPA, we can begin to consider how PA effects will impact parameter estimation in a
more rigorous sense. For the purposes of this study, we seek to determine how the
PACMAN waveform may improve our ability to measure the parameters of the binary
system emitting the GWs. Specifically, we focus on how accurately a ground based
detector, aLIGO in this instance, can recover the initial eccentricity of the binary. To
do this, we perform a Fisher analysis on the PACMAN waveforms, and compare to the
same analysis in the adiabatic limit.

We will here use a Fisher analysis [134, 128, 135, 18, 136] to estimate the accuracy
to which parameters can be extracted. This analysis relies on the Fisher information

Oh
W) : (123)

matrix, whose elements are given by

oh
ab
= (aAa
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where A\ is the set of parameters characterizing the detector response, and recall the
noise-weighted inner product is given in Eq. (97). The accuracy to which one can
measure the parameters A* can then be estimated by the diagonal components of the
inverse Fisher matrix, specifically

AN = [TV (124)

This approximation works well provided the SNR is high enough and the noise is
stationary and Gaussian [136]. Given that secular effects only begin to matter with
SNRs of O(100), the Fisher approximation should be reliable.

There are some practical considerations that can make computations of the Fisher
matrix somewhat tricky. First, the integrands inside of the inner product are, typically,
highly oscillatory integrals, due to the fact that the inner product produces “cross” terms
between different harmonics, whose phases will not cancel. One has to be carefully
when numerically integrating these highly oscillatory integrands to avoid introducing
uncontrolled numerical error in the elements of the Fisher matrix. We use Mathematica’s
NIntegrate command to perform the numerical integration, and have verified that the
results are robust to numerical error, with each element of the Fisher matrix computed
to a relative accuracy of 1072, The second consideration is the inversion of the Fisher
matrix. Matrices, especially those whose elements have been computed using numerical
methods like we do here, are often badly conditioned for numerical inversion routines,
introducing large errors in the elements of the inverse matrix. For the inversion, we use
Mathematica’s Inverse routine, and compute the product between the Fisher matrix
and its inversion using this method. If the inversion were exact, this would produce
the identity matrix. We have verified that the deviation in the elements of the matrix
product from those of the identity matrix are of the same level as the numerical error
in our integration methods, and thus the inversion does not introduce any erroneous
errors in our results.

For the comparison, we consider binaries with different component masses and
initial eccentricities. We take the initial orbital frequency to be F; = 5Hz, while the
initial longitude of pericenter is w; = 7/4. We take the orientation of the binary to
be “face-on” so that ¢« = 0, and we set the polarization angle v = 7/2. We make this
choice since most of the GW power is emitted along the axis defined by the orbital
angular momentum, creating an observational bias where systems that are face-on are
more likely to be observed than systems that are not. Further, we take the luminosity
distance of the source to be D, = 100 Mpc, and we set the sky location of the source
to © = 0.7923 and ® = 1.4293. For S,,(f), we use the expected al.IGO noise spectrum
at design sensitivity [137, 138]. Given this, we will estimate the accuracy to which the
parameters \* = (In M, e, t., ¢.,In D;) can be measured. The remaining parameters,
specifically (Fj,w;, ©,®) cause the Fisher matrices to be badly conditioned and the
inversion to contain significant numerical error. We take the limits of integration in the
inner product to be f; = 20 Hz and fs = fisco = 2Fisco-
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my /My ma/Ms SNR | e AePACMAN  \EPACMAN _ A 04

0 91x103 —-9.8 x 107

5 10 137 | 1073 9.1 x 1073 8.5 x 1077
1072 8.6 x 1073 7.9 x 1076

0 6.8x107° —1.7x 1077

10 10 178 | 107% 6.8 x 1073 1.5 x 1077
1072 6.7 x 1073 3.2 x 1076

0 6.1x103 —7.9x%x 1078

5 30 176 | 1072 6.1 x 1073 8.0 x 1078
1072 6.1x 1073 1.7 x 1076

0 29x1073 —7.7x 1077

30 30 318 | 1073 29x 1073 —7.5%x 1077
1072 29x 1073 —5.7%x 1077

Table 2. Accuracy to which eccentricity can be measured by aLIGO using a Fisher
analysis for various BH binaries. The fourth column displays the accuracy to which
the initial eccentricity can be recovered using the PA waveform. The same value for
the orbit-averaged waveform does not differ significantly from this, as can be seen from
the fifth column.

The results for the measurability of the initial eccentricity are given in Table 2. We
study several BH binaries, with varying total masses and mass ratios as can be seen
from the first two columns. For convenience, we provide the SNR of the signals in the
third column. We also vary the initial eccentricity for each set of masses over the three
values listed in the fourth column. We list the accuracy to which the eccentricity can be
measured using the PACMAN waveform is the fifth column. Generally, the eccentricity
can be measured using alLIGO to 1072 — 1072, The accuracy increases with increasing
SNR and increasing initial eccentricity, which matches previous studies investigating
the measurability of the initial eccentricity [15]. We compare the accuracy between
the PA and orbit-averaged waveforms in the sixth column by computing the difference
between these values. For the systems studied, this difference is at most O(107°), but is
typically < O(1077). This indicates that the PA effects that capture the secular growth
of eccentricity investigated here do not significantly improve the precision to which we
can measure eccentricity with aLIGO.

This result is different from what we found when we studied the match between
waveforms in Sec. 5.2. However, the Fisher analysis and match calculation help to
quantify separate features of this problem. The match helps us to determine when
parameters will become biased due to systematics in waveform modeling. As a result,
the recovered parameters will not be the same as the true parameters of the system
observed. Thus, the match helps us determine the accuracy of recovered parameters
relative to their true values. On the other hand, the Fisher analysis helps us quantify the
precision to which we can measure parameters. In the context of posterior probability
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distributions, the match gives us information about the peak of the posterior, while the
Fisher analysis, specifically A\, provides us with the variance of the posterior.

6. Discussion

We have here expanded on the discussion started in [90] by investigating the effects of
the secular growth on the observation of GWs from inspiraling binaries. We have shown
that the orbit-averaged approximation does indeed break down in the low eccentricity
limit when compared to the direct integration of the relative acceleration of the binary.
Meanwhile, the osculating approximation, which exhibits the secular growth, reproduces
the direct integration to double precision. Thus, the reason for the discrepancy between
the orbit-averaged and osculating approximation is a result of oscillations that are
assumed to average out as the binary inspirals. While this holds approximately for
any one given orbit, the violation of this averaging will build over many orbits and
become non-negligible in the late inspiral, producing the growth in eccentricity.

Having verified this, we investigated the effect that secular growth would have
on observations of GWs from systems where this effect is seen in the osculating
approximation. First, we considered the match between numerical time domain
waveforms computed via the three methods considered here: direct integration,
osculating approximation, and the orbit-averaged approximation. We have shown that
the match between the waveforms computed using the orbit-averaged approximation and
direct integration are not identical, with mismatches around 1—M ~ 1074, The nominal
SNR at which this will begin to bias parameter estimation is p ~ 100 for the systems
considered here. However, this statement is for the recovered parameters to be within
1-0 of there “true” values. As the SNR increases, parameters will be systematically
more biased, and thus less accurately recovered, relative to injected parameters. One
avenue of future work is to perform parameter estimation using Bayesian inference to
determine how biased recovered parameters of a binary will be if one uses orbit-averaged
waveforms, where the injected waveform would be those found via our direct integration
method. Thanks to the work carried out here, the same parameter estimation study
could be achieved with the PACMAN waveform, and using Markov chain Monte-Carlo
methods to explore the parameter space of the model.

Second, we considered the accuracy to which the initial eccentricity of the source
can be measured using observations by aLIGO at design sensitivity. We showed that
the difference between the accuracy as measured by PA and orbit-averaged waveforms
is < O(1079), indicating that PA effects will not significantly improve the precision to
which we can measure eccentricity. We would expect that this holds even if one were to
consider the more rigorous parameter estimation study detailed above, specifically, the
“width” of posteriors should not change when using orbit-averaged or PA waveforms.

Eccentricity has a rich and non-trivial impact on the dynamics of binary systems,
which, as has been shown here, must be investigated carefully. While our analyses
indicate that the violation of the orbit-averaged approximation, and thus the secular
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growth of eccentricity, will not significantly impact observations, we have only focused
our efforts on small eccentricity systems. For highly eccentric binaries, the orbital
period diverges as (1 — €?)™%2 which may become comparable to the radiation-
reaction timescale if the eccentricity is sufficiently large. This would indicate a severe
breakdown in the orbit-averaged approximation for such systems, which warrants further

investigation.
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Appendix A. (C7, S7)-Coefficients in the Osculating Equations of the
Radiation-Reaction Problem

We here provide the harmonic coefficients (C7,57) from the osculating equations in
Egs. (38)-(41). In the harmonic gauge, the non-zero coefficients are

C) = —192 — 6960* — 162" — 6965 — 3240°5> — 1624* (A1)
C) = —816c — 828a° — 36a” — 828a8” — 72a° % — 36a3° (A.2)
C? = —6480% — 1920 + 6484% + 192", (A.3)
C3 = —228a° — 12a° + 684a8” + 240° 5 + 36a3° (A.4)
Cy = —30a" + 1800”5 — 303*, (A.5)
S, = —816f — 828a°3 — 360" 3 — 82843% — 720° 3% — 36/3° (A.6)
S2 = —1296a — 3840’3 — 384a3% (A.7)
Sy = —684a° — 360" 5 4 2283° — 24073° + 1267, (A.8)
Sy = —1200°3 + 120a% , (A.9)
C% = —1984a — 3564a° — 542a° — 3564a4% — 108403 — 54203, (A.10)
C! = —768 — 64400 — 3604a* — 108a°® — 23924% — 4608a°3? — 2520 3°

— 10048 — 18002 3* — 365°, (A.11)
C? = —2048c — 48480° — 829a° — 768a3% — 878a° % — 49a3*, (A.12)
C3 = —22000” — 1834a* — 66a° + 220058% + 15240232 — 300 % + 13264

+ 900 B* + 543° (A.13)

C* = —11880° — 3220° + 3564a3% + 8440°3* + 76603* (A.14)
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C? = —322a* — 18a° + 1932024 4 90a* 5% — 3224* 4+ 90a2p* — 183°, (A.15)
= —35a° 4+ 35003 3% — 17508, (A.16)
= —4048c3 — 260003 — 720”8 — 260005® — 14403 5% — 7205 , (A.17)
S2 = —20483 — 6888023 — 1219018 — 2808/3% — 1658a%5% — 4394° (A.18)
S3 = —4400a8 — 4176038 — 1440° 5 — 2144083 — 2400233 — 96a5°, (A.19)
St = 35640283 — 101605 + 11884% — 3440”33 + 2726° (A.20)
S5 = —12880383 — 72a° 8 + 1288a.3% + 72037, ( )
S8 = —1750*B + 35002 3% — 3547, (A.22)
Cj = —19843 — 356403 — 5420 B — 35643° — 10840° 3% — 5423 , (A.23)
Cj = —4048a — 26000 — 720° 8 — 260003° — 144a° 5> — T203° , (A.24)
C5 = 20483 + 7680”3 + 490 3 + 4848° + 8780”3 + 8293° , (A.25)
C} = 440003 + 21440° B + 960° 5 + 4176053° + 2400° 57 4 14403° (A.26)
Cj§ = 35640°8 + 7660 8 — 11883° + 8440°3° — 3223° (A.27)
C} = 128803 + 72a° 8 — 1288a3* — 72a3° (A.28)
C§ = 17508 — 3500”3 + 3543° (A.29)
S§ = =768 — 2392a° — 1004 — 36a° — 64403° — 4608a° 5% — 180a* 5°

— 36048 — 25222 3* — 1083° (A.30)
S5 = —2048cr — 28080 — 4390” — 6888a,4? — 1658a° 5% — 1219a3* , (A.31)
S5 = —22000” — 13260 — 540’ + 22005 — 15240° 4% — 90a* 67 + 18343

+ 3008 + 66.°, (A.32)
S5 = —1188a” — 2720° + 3564a8” + 344a° 5> 4 10160/3* (A.33)
S5 = —322a" — 18a° + 1932a° 4% + 90a* % — 322" + 90a”3* — 1843° (A.34)
S5 = —350° + 350a° 5% — 17508* (A.35)

1
Co=1+ 3 (o® + %), (A.36)
Cy = 2a, (A.37)
1

C; = 3 (=57, (A.38)
Sy =28, (A.39)
53) =af. (A.40)

Appendix B. Waveforms for Eccentric Systems

Typically, when one considers waveforms for eccentric systems, one usually uses the well
known polarization given in Egs. (3.1) and (3.2) in [92], for example. These waveforms
are often constructed by working in an orbital parameterization where the longitude
of pericenter is fixed, and thus, one can rotate the orbital plane such that w = 0.
However, in the osculating evolution, this is no longer the case since w obtains a non-
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trivial oscillatory evolution. Thus, if we desire to make comparisons of the waveforms
computed using various methods of solving the equations of motion, we require more
general waveform polarizations.

The GWs we are considering will propagate along the direction N =
(sintcosv,sintcosv,cost), where (1,v) are the inclination angle of the binary and
an arbitrary polarization angle, respectively. We define two vectors which span
the polarization sub-space, specifically 7 = (costcosv,cosesinv, —sinwv) and T =
(—cosw,sinwv,0). The projectors into the plus and cross polarizations are then

g-lppove), -l (B.1)

where (Z°, T?) are the components of 7 and T, respectively. Our starting points will be
the waveform polarizations in terms of the relative coordinates. The metric components
describing the waveform are given by the second time derivative of the binary system’s
quadrupole moment, which becomes h;; = (4nM/D,)[v;v; — (M /r)n;n;], where ¢ and
1 are the relative velocity and the unit radial vector, respectively. Applying the above
polarization projectors to this waveform, we obtain

2M : 1 M :
hy = 5 ' {2 (1 + cos®t) cosvsinv [m*gb cos(2¢) + 3 <7“2 - 7 2) sin(2¢)]
L

1 . M 1 . M
+ (COS2 L cos® v — sin? U) {5 (7'“2 +rip? — —) - 5 (7'“2 —r?p? — —) cos(2¢)
r r

—7“7'"& sin(2¢)] + (cos2 sin?® v — cos? v) E (7a2 + 7"%2 _ g)

—% (7*2 —r2p? — ¥> cos(26) + Wésin(Zgb)} } : (B.2)
hy = 2;7)?4 cost {Qrm's cos[2(¢ — v)] + <f2 27— g) sinf2(¢ — U)}} . (B3)

To obtain the waveforms needed for the orbit-averaged and osculating methods, one
must insert the Keplerian parameterization in Sec. 2.1 into the above waveforms. For
the orbit-averaged approximation, we write the polarization in terms of the Keplerian
eccentricity and longitude of pericenter, specifically

21 M?
hy =— 1 (1 + cos®t) § cos[2(¢ —v)] + Dt cos(¢p —2v +w) + fx cos(3¢ — 2v — w)
pD, 4 4
e Lo o
+ cos2(v —w)] p + 5 sin” [e2 + ex cos(¢p —w)]| , (B.4)
2n M?
hy = =227 cosy 2sin[2(¢ — v)] + S sin(¢p — 2v +w) + Ox sin(3¢ — 2v — w)
pDL 2 2

—er sin[2(v —w)]} . (B.5)
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Note that these waveforms reduce to those of [92] when w = 0. For the osculating
method, we reparameterize these polarization in term of the components of the Runge-
Lenz vector, specifically,

3
N [H cos(jo) + Hi ¥ sin(jo)] | (B.6)

J=0

2nM?
pDy

h+,>< -

with
1
Hafc =3 {2(12 +28% + (—2(12 — 252) cos(2t) + (on — 52) cos(2t — 2v)

+(60” — 68%) cos(2v) + (a® — £?) cos(2t + 2v) — 2aBsin(20 — 2v)+
1206 sin(2v) + 2af sin(2e + 2v) } (B.7)

1
nyc =1 {4a + ba cos[2(t — v)] + 30c cos(2v) + Harcos[2(t + v)] + 305 sin(2v)+

cos(20) [~4a + 108sin(20)]} . (B.8)
i, = £ [8+ cos(21)] cos(20), (B.9)
Hy = % 13+ cos(20)] [ cos(20) — Bsin(20)] (B.10)
Hf = % {45 — 53 cos[2(1 — v)] — 308 cos(2v) — 53 cos[2(t + v)] + 30a sin(20)+

cos(20)(—48 + 10asin[20])} (B.11)
Hy = % 13+ cos(20)] sin(20), (B.12)
Hy = % 13+ cos(20)] [B eos(20) + arsin(20)] | (B.13)
Hy = gcos L [Bcos(20) — asin(2v)] (B.14)
Hy = —2cos usin(20) (B.15)
Hy = _% cos ¢ [Bcos(20) + asin(20)] (B.16)
Hg. = cost [2af cos(2v) + (—a” + 5%) sin(2v)] (B.17)
Hy = gcos L [vcos(20) + Bsin(2v) (B.18)
Hy. = 2cos 1 cos(20) (B.19)
Hy, = %cos L [ovcos(20) — Bsin(2v)] (B.20)

Appendix C. PACMAN Fourier Amplitudes

The PACMAN waveforms can be expressed in the form given in Eq. (120), with the phase
given by Eq. (121)-(122). In this appendix, we list the amplitudes A;(f). For simplicity,
we assume we are observing the binary face on so that = 0, and we set the polarization
angle v = 7/2, so as to match the commonly used waveforms in [92]. Generically, the
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amplitudes can be written schematically as A;(f) = Fy AS(f) + FxAS(f), where the
plus and cross amplitudes can be written in a PA style expansion as

A7) = A5 () + (rMPPPATA ) + (eMP)PALS (), (C)

representing the adiabatic, 1PA; and 2PA terms, respectively. To non-zero amplitude
functions for the plus polarization are as follows, with y = F}/f:

3
Abo(f) = e, ©2)
219277, _
Aso(f) = —4+ ey (C.3)
313/1827 R i
A;O(f) = - 22/3 61X19/18e ! ) (C4)
AZO(f) — _28/9256€2X19/19 21wy : <C5)

11456 . 64
Al PA(f) — —128i)~(49/18 + iel |:T>219/186_1M 45>~<49/18 —zwl( 37 + 75e2zw1):|

2 ) 4 4 , ,
i 7,61 |:5 096 ~19/18(1 e 21w1> . _)249/1867210.11 (4053 + 26151622w1 4 1729€4zw1)

85 171
4 . ‘ |
_MXQQ/E%*%M (—893151 + 22910€2zw1 + 1938O€4zw1)] : <C6)
2560 27/°128i . , 91/9393152
A ea(f) = : 4 T Le 39T (145 + 496%1) 4 je? {TSW/Q
27/964 . , .
T5>~<34/96_2m (3625 + 1184¢™ + 1225647’”)] , (C.7)
3115384 _ T 24512 o
Aiea(f) = wa/lg e {_317/1875X19/186 I
— 64 ~49/18 —iwr 24wy
35/1895 X (=75 +37¢™) |, (C.8)
25/912288i . 92/9796044 |
AIPA(JC) = —261)234/96%‘)1 + ieIQ _—5(19/962w1
’ 5 225
25/92048 ,
_T>234/9(_75 + 37€2zw1):| 7 (Cg)
Adoa(f) = 5°/620400i€? /61 (C.10)

22/365536 22/38949344 ,
+ — _ ~49/18 ~19/18  —iw;
A1,2PA<f) 25 X + & { —1125 X e

22/34096 ~ ’
_T>249/ 1867112393 4 2775¢%1) +
_ 22157696 19/18 o2
I 75
%%9/18
72675

2/3
2%/ 439296)213 —

-1 21wy
35 (=1 + e*n)

(—1 + e2™1)

(&

(—378441 — 4118328¢*™1 + 153881¢*1)



The Eccentric Behavior of Inspiraling Compact Binaries 58

22/3512
= TRP6e7 219036 4 33171t + 375251

1425
22/3146432 . , A
W ~13/26—21w1(_19 o 5662%.11 ‘l’ 756420.11) (Cll)
8192 2703364 2794096
Afea(f) = o5 T {— 15 " sinwy + T75~34/9 e~ ™1(4291 + 3019621“)1)}
256 : : : 21920621312
2| = e PI(698787 — 1411344 + 712557 ) 4 ——————1/*
‘ { 105075 ¢ o R
2792048 _,,
T B0 B (142617 — 228182¢%1 + 1030017
105075 ( o ™)
25/949152 : . .
g 08972112545 — 3515871 - 47703e4w)} (C.12)
22/3155648 o 223318135168 4018 i ”
Aszea(f) =& {_leg/ls t— 105 YA/ MBemiwn (] 4 g2ir)
2%/335/611860992 15,5 _; : 2%/372472576 :
_ ~13/2 —iwr( 24wy 2 ~19/18 24wy
195 X e (=1 +e )} + e { ST/BI9105 (—1+e*1)
2231792 4 . . .
& SR ~49/18 —2iwr _ 24w 4wy
+orgygr X e (975 — 1408¢” + 433¢M)
2%/331/6512 _,,
511291 172¢%
5105 (1129173 4 397172e*“")
22/335/61317888 : . ,
_ 5107 ~13/2€—27,w1(_75 + 56€2zw1 + 19647,w1):| (013)
28/9827392  _..0 4 2°/947217664 _ o
Ao (f) = —7—561X34/9€ L4l T 3375 19/9 21
28/91024 2%/91843396608 :
e X *49(87420 + 173564e*1) — % OO(—1+ )|
(C.14)
~ 22/351/5900608 _ o
AS 2PA<f) = X29/6€2 t. (015)

3

The following relations hold between the amplitude functions of the plus and cross

polarizations: A, = 1A}, A]X# (Pa,2PA) ZA;;él paopa)s A0
Ay — Al = B0, (©.10)
22/380896
X a  PUPIV 2~ 29/6 2iw
1.2pa Al 2PA 3 “X g (C17)

which can be used to obtain the amplitude functions for the cross polarization.
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