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Abstract

The parameter estimation of gravitational wave (GW) events detected by LIGO and Virgo
relies on analytical waveform models, possibly calibrated (or informed) by Numerical Rel-
ativity simulations. The effective-one-body (EOB) model is one of the main analytical
models available that can be efficiently used for analyzing both black hole and neutron
star binaries. In this script we I) improve it in its various sectors, with the final aim
to build a model that includes all the physical information available: in particular, the
higher subdominant multipole information, that is useful to optimize GW data analysis’
angular resolution [1, 4, 5, 7]; II) use it to develop high-order fast PN approximants for
Bayesian analysis in LIGO and Virgo pipelines [3]; III) use it to study the self-spin effects
of binary Neutron Stars on their own waveform [2]. One of the central building blocks of
the EOB model is the factorized and resummed (circularized) multipolar post-Newtonian
(PN) waveform introduced in Ref. [8] for nonspinning binaries. In Ref. [4], we extend up
to £ = 6 (i.e. to high multipoles) the resummation approach of Nagar and Shah [9], since it
has a better analytical/numerical relativity agreement than its precursor [8]. Ref. [4], up-
dated to the case of a spinning particle of Schwarzschild problem in Ref. [5], has been used
in order to update the spin-aligned, quadrupolar EOB model TEOBResumS, a C code [1]
available in the LIGO Advanced Library (LAL) and cited in the GW catalogue [10], to
a multipolar version [7]. Therefore, following the EOB-PN expansion technique defined
in [11], Ref. [3] leads to a fast and accurate 5.5PN phenomenological approximant that, by
including more point-mass information than the standard 3.5PN one, optimizes the tidal-
parameter estimation of BNS data analysis. In Ref [2], we incorporate the EOS-dependent
self-spin terms in TEOBResumS at next-to-next-to-leading (NNLO) order, together with
other (bilinear, cubic and quartic) nonlinear-in-spin effects (at leading order, LO). Here,
with the same toolbox used in Ref. [3], we study the EOS dependence of the self-spin
effects and show that the next-to-leading order (NLO) and NNLO monopole-quadrupole
corrections yield increasingly phase-accelerating effects compared to the corresponding LO
contribution; that the standard TaylorF2 post-Newtonian (PN) treatment of NLO (3PN)
EOS-dependent self-spin effects makes their action stronger than the corresponding EOB
description; and, finally, we obtain a tail-augmented TaylorF2 approximant that yields
an analytically simplified, EOB-faithful, representation of the EOS-dependent self-spin
phasing that can be useful to improve current PN-based (or phenomenological) waveform

models for inspiralling neutron star binaries.
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Main notation and conventions

GW: Gravitational Wave

GR: General Relativity

NR: Numerical Relativity

PN: Post-Newtonian

PM: Post-Minkowsian

MPM: Multipolar Post-Minkowskian
BH: Black Hole

EOB: Effective-One Body

IMR: Inspiral-Merger-Ringdown
LO: Leading Order

NLO: Next-to-Leading Order
NNLO: Next-to-Next-to-Leading Order
BBH: Binary Black Hole

BNS: Binary Neutron Star

ODE: Ordinary Differential Equation
PDE: Partial Differential Equation
SPA: Stationary Phase Approximation
STF: Symmetric Traceless Free
CMM: Campbell Macek Morgan
ADM: Arnowitt Deser Misner
RWZZ: Regge Wheeler Zerilli

TOV: Tolman Oppenheimer Volkoff



EOS: Equation of State

CFL: Courant Friedrichs Lewy

NP: Newman Penrose

HH: Hawking Hartle

FP: Finite Part

QNMs: Quasi-Normal Modes

ISCO: Innermost Stable Circular Orbit
LSO: Last Stable Orbit

NQC: Next-to-Quasi Circular

Res: Residue

SCRI: Null infinity

Vil

Vectorial notation: bold letters (7 = v), latin indexes. Versors normal
to a surface are indicated as m. In this work, the hat symbol " on a
letter marks the STF projection (2.28) of the vector; it is not a versor

notation.

Partial derivative

9
oxH

Minkowski Metric Tensor

nuu = dzag(—, +a +7 +)

Laplacian (in Cartesian coordinates)

V2 = (0,,0,,0,)

D’Alambert operator

0 = n"0,0,

(1)
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GR Metric

ds® = g, dxtdx” (5)
Affine Connection
1
qu = §g>\a(@“gua + ayg,ua - &rguu) (6)
Riemann Tensor
WIV =, FU -0 Ffm + anrzv - ngfzn (7)
Ricci Tensor
R,u,u = R)\,u)\l/ (8)
Ricci Scalar
R=g"™R,, 9)

Stress-energy Tensor
T = m/ uuuy54 — X%(1)) (10)

where m is the mass of a point particle, 7 the proper time, X(7) the
particle’s wordline and u®(7) = £ the 4-velocity.

Einstein field equations

1
R, — §gWR = 87T, (11)

Covariant Derivative of a rank 2 Tensor

aB __ af o! B B pa
h;a = 0,h™ + anhn + Fonh K (12)
Euler Gamma Function

['(z) = /000 e 't dt (13)



Euler logarithm

1
eulerlog, (x) = g + log2 + 5 log z + logm

where v = 0.57721... is the Euler-Mascheroni constant.

Hypergeometric function

Bn2"

z
n!

o
pFyar, . ap; by, . by 2) = g
n=0

with fy = 1 and

Prir _ (n+a1)(n+az)...(n + ap)
B (n+b1)(n+by)...(n+ by)

Total mass of a binary

M =m; + my
Reduced mass of a binary
. mqime
S Vi
Mass ratio of a binary
_m2
=

Symmetric mass ratio of a binary

mims

M
I/ —_— _—
M (m1 -+ m2)2

Taylor-expansion of order n
1,

Magnitude of the spins of the constituent binary

St

X

(18)

(19)



Dimensionless binary spin notation

S12
X1,2 =
mio
1
Xs/A = E(Xl + x2)
1
Xyjp= 222 = Z(1 £ /1 - )
M 2
12 = X12X1,2
&0 = dl -+ dg

Test mass/particle limit of a binary

v—0
m1>>m2
d2—>0

Therefore, the body 2 becomes a test particle (i.e. an idealized model
of a small object whose mass is so small that it does not appreciably
disturb the ambient gravitational field).
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Chapter 1

Preliminary overview

1.1 Introduction

General Relativity [12], the actual theory of gravitation, which incorporates
the Newtonian laws as a weak-field limit, predicts the existence of gravita-
tional waves (GWs). In analogy with the theory of electromagnetism, these
perturbations occur when a mass that moves in spacetime, which is compa-
rable to an elastic medium, accelerates. The first theoretical prediction of
gravitational waves was made by Einstein himself in 1916 [13]. From the
experimental point of view, the first, unsuccessful, attempts to detect gravi-
tational waves were made by Weber in the 1960s [14, 15, 16].

Thanks to the progress of experimental radio astronomy and to the theo-
retical work of Damour and Deruelle [17, 18], the first observational proof
of the existence of GWs was given by the observations of the energy loss
of the binary pulsar system PSR B1913+16 made by Taylor and Weisberg
in 1982 [19, 20]. This discovery opened deeper theoretical studies regard-
ing GWs: if one wants to detect a “pure” gravitational wave signal from
a binary merger!, then he must deal with the intrinsic complexity of Gen-
eral Relativity, finding solutions that go beyond Einstein’s quadrupole for-
mula [13]. In order to do that, during the 1980s and the 1990s, Damour,
Blanchet and collaborators led important advances in the Post-Newtonian
(PN), Post-Minkowskian (PM) and Multipolar Post-Minkowskian (MPM)
frameworks [21, 22, 23, 24, 25, 26]. This kind of computations are analytical.

!Black Hole (BH) and Neutron Star (NS) mergers are the ideal candidates for GW
detections since gravity is a very weak force compared to electromagnetism.



Having said that, another way to deal with strong gravity is Numerical Rel-
ativity (NR): in this case, spacetime is discretized and Einstein’s equations
(Eq. 11) are solved using a supercomputer. A NR simulation with ~30
GW cycles can take O(10° — 10%) CPU-hours, so it is much more expensive
than analytical techniques. But it takes precisely into account the strong-
curvature and high-velocity effects that enter into play during binary mergers,
that are the most (known) violent events in the universe.

NR is very complex, and the first complete up to ringdown non-axisymmetric
Inspiral-Merger-Ringdown (IMR)? simulation was made by Pretorius in 2005 [27].
Almost five years before this important achievement, after some great exper-
imental efforts, LIGO in the United States and VIRGO in Italy were com-
pleted. These ground-based experiments, with limited sensitivity, needed
hundred of thousands of GW templates almost as fast as an analytical for-
mula®, but also precise in the high-velocity field regime (i.e. where PN the-
ory, built around low-velocity approximation, fails). The Effective one-Body
(EOB) formalism by Buonanno and Damour (1998) [28], which consist into
a mapping of resummed PN expressions into a simpler, “one-body” problem,
provided the first complete IMR analytical GW template in 2000 [29]. The
EOB model, that is the main topic of this PhD thesis, is a very flexible tool-
box, since it can be informed with NR waveforms or new additional PN, PM
or gravitational self-force information; or be used to build phenomenologi-
cal [30] or PN approximants® [11, 3]. A constant improvement of this model,
since its numerical-calibrated /informed versions [31, 32, 33, 30, 34, 35, 36, 37|
are fundamental in the parameter estimation of GW events [38, 39, 40, 41,
42,43, 10], is necessary in order to improve future events’ data analysis.

1.2 What is a gravitational wave?
According to GR, gravitation is curvature. Intuitively, a GW is a ripple in

the curvature of spacetime, that is a dynamical structure affected by the
matter and energy within it. The interaction between matter, energy and

2In Fig.1.1 we can see the three phases of a binary coalescence: 1) a slow inspiral
phase; IT) a merger phase, that is defined as the peak of the dominant-quadrupolar GW
signal; ITT) a ringdown phase (BH only), that is characterized by the dumped gravitational
oscillations emitted by the final BH.

3See Sec. 1.5 for details.

4See chapter 7.



spacetime is mathematically described by the field equation
1
R, — §Rg#,, = 8nT,, (1.1)

where g, is the metric tensor, R,,, is the Ricci tensor (a function of the metric
and its first and second derivatives) and R is the Ricci scalar, the contrac-
tion of the Ricci tensor. T}, is the stress-energy tensor, which describes the
distribution of matter and energy within the spacetime. If the distribution
of matter and energy varies in time, then the curvature, as described by the
metric g, also varies in time. This variation in the metric will propagate
outward from the varying matter and energy distribution through the rest
of spacetime as GWs which stretch and squeeze spacetime itself, causing the
measured distance between two points to grow and shink at different times.
The strain, or fractional change in length, is used to quantify the effect of
GWs in time. Let’s consider two freely falling reference points separated by
a distance L. When a gravitational strain h passes by, the wave will produce
a time-dependent variation in L, AL(t) = h(t)L. So, if one can measure the
distance between two points to high enough precision, filtering the noise due
to other factors, this may be the evidence of a GW. The most important
way to “control noise” in this case is to perform these distance measurement
experiments at two or more widely separated locations. We then require that
multiple sites measure a strain at the same time (within some coincidence
window to allow for the fact that a GW can arrive at the different locations
at slightly different times), and that the measured strains are all of consistent
strength and functional form h(t).

In electrodynamics, one can describe the electromagnetic waves emitted
from a source electromagnetic potential by expanding the potential in mul-
tipoles. If these multipoles vary in time, they can create electromagnetic ra-
diation. Because electromagnetic charge is conserved, the electric monopole
(i.e. total charge) will not vary and cannot produce electromagnetic waves.
However, if the electric dipole of the potential varies in time, this will pro-
duce radiation. Higher derivatives of higher multipoles can also contribute
to it. In GR, one can use an analogous approach to describe GWs in terms of
multipoles of the stress-energy tensor (the analogue of the source in the elec-
tromagnetic formalism) of a source. Because mass-energy (mass monopole),
linear momentum (mass dipole) and angular momentum (current dipole) are
conserved, they cannot contribute to GWs. So, the second time derivative
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Figure 1.1: Estimated gravitational-wave strain amplitude from GW150914.
This shows the full bandwidth of the waveforms, and the inset images show
numerical relativity models of the black-hole horizons as the black holes coa-
lesce (source: Ref [38])

of the mass quadrupole is the lowest order contribution to radiation. This
represents the dominant contribution to GWs, with higher time derivatives
of higher order multipoles giving smaller corrections.

Gravity is much weaker than the other fundamental forces of nature, so one
must have very large masses undergoing extreme accelerations to produce
detectable GWs. Here emerges the importance of compact binaries (like a
pair of BHs, a pair of neutron stars (NSs) or a BH and a NS, inspiralling
and merging each other to form a final object) as candidates for gravitational
laser interferometers. To see quantitatively how difficult it is to detect GWs
and why we do not see them without a complex and expansive experimental
and data-analysis work, let’s consider the leading order expression for the
strain of GWs emitted by the Hulse-Taylor binary [14]

5 2
. M \?/ v Fory \? (100Mpc
g 361022 1.2
h(t) 3610 (10]\/[®) (0.25) <100H2) ( Deyy ) 2

where M = m; + my is the total mass of the binary, v = ™3> the sym-
metric mass ratio, Fy,, the orbital frequency of the binary and D.s; the
effective distance between the binary and detector. For the example in the
above equation we get a strain O(107%2). If a ~ 2m long freely falling test
apparatus is impinged upon by a GW from our example source, it will be

stretched and squeezed by O(10722)m. Considering the closest extra-solar




stars from Earth (~1 pc away), then the GWs would only warp our appa-
ratus by O(107'*)m. This should make it quite clear that GWs’ amplitudes
from astrophysical sources are very weak and can be only detected by high-
precision experiments.

1.3 Linearized theory of gravity

1.3.1 Einstein’s equations in flat space

Linearized gravity theory is the weak field limit of General Relativity. In
this approximation the spacetime is made up by a flat background described
by the Minkowski metric 7, = diag(—1,1,1,1). In this context the grav-
itational wave that propagates in the spacetime is represented by a small
perturbation h,,. So we can write the metric as

Guv = Ny + h,uu’ (13)

with |h,,| << 1. Since hy, — by = A‘lj/AZ/hW, where A is a Lorentz trans-
formation, h,, is a rank 2 tensor. Starting from the perturbed metric 1.3,
one can compute the linearized Einstein field equations. Firstly, Christoffel
symbols (6), by substituting Eq. (1.3) and ignoring the second order terms
in the perturbation, can be written as

1
P = 5Oy + 0l — 8 ). (1.4)
Secondly, neglecting the quadratic terms in A, as before, the Ricci tensor
(8) becomes
Ry, = 0,17, = o, 1), (1.5)

Using Christoffel symbols and the simmetry of the second derivatives one
obtains

1
R, = 5[8778Mh2 + 9,0, 1) — 9,0 "y, — (0,0, + 0,0y — 0,0"hyuy )]
1
= 5((%@#/12 + 0,0y — 0,0k, — 0,0,h7). (1.6)
Calling h = ) and O = 9] we have that

1
Ry, = §(auanhz + 0,0y} — Ohyw, — 8,0,h). (1.7)



Rewriting all terms apart from 0Oh,,, as derivatives of the vector

V,= 8nhu §8uh, (1.8)
one obtains '
R, = 5(—th +0,V, +0,V,). (1.9)

Using the harmonic gauge condition V, = 9,h} — %@h = 0, the previous
equations becomes a linear wave equation in vacuum that holds for all ten
independent components of h,,:

Oh,, = 0. (1.10)

Plane waves h = exp{ikz} with speed of light ¢ are solutions of 1.10, but
since the components of h,, can’t be all equal to zero in order to have a
gravitational propagation, necessarily k,k" = 0 — “;—22 = |ﬁ|2 One can also
generalize this result with sources, including the RHS of Einstein’s equations
(Eq. 11). Since we have found that 2R, = —0Oh,,,, that by contraction with

the metric becomes 2R = —0Oh, we can write that
1 1
O hyw — 5nwh | = =2(Ruw — 50w )
2 2
= —2rT),, (1.11)

where £ = 87 (in Eq. 11 we have adopted that G = 1). Defining B =
Py — %Wuh, the harmonic gauge condition becomes 0*h,, = 0, and the
linearized Einstein equation yields

Ohyy = —26T . (1.12)

1.3.2 DPolarizations of gravitational waves

We now consider a plane wave h,, = C,, exp{ikz}, where the symmetric
matrix C), is defined as the polarization tensor. We now define the trans-
verse traceless (TT) gauge setting, along with the harmonic gauge condition
Oh,, = 0 (that constraints the polarization tensor along with the wave
equation), the two constraints ho, = 0 and h = 0, with a = 1,2, 3 (we denote



roman letters as 3-dimensional indices).
The harmonic gauge condition then becomes

Vo = 0,hly = Oohf) = —iwCpoe™ =0 (1.13)
V, = 0,h" = Oyhb = —ik"Cpe’™ = 0. (1.14)

From the equations of above, we deduce that Cyy = 0 and k*Cy, = 0, i.e.
the transversality of the polarization tensor. If we choose the plane wave
propagating in the z direction, k= ke, the z row and column of the polar-
ization tensor vanishes too. Accounting for h = 0 and C),, = C,,,, only two
independent elements are left,

0 O 0 0
10 Cii Cie O

C = 0 Cp —Cy 0 (1.15)
0O O 0 0

For a plane wave that propagates on the z axis, the two independent com-
ponents C; and (', that are usually denoted as h, and hy, characterize
completely the wave along with the frequency w, and represent the two de-
grees of freedom of the gravitational field in the vacuum. Since we can always
find a system of coordinates in which a single particle is stationary at the
first order in hy,,, we will consider a systems of two near particles A and B,
with a 4-velocity described by the vectorial field U#(x) and with a separation
vector S*. The geodesic deviation equation of the system, which describes
how much the two objects A and B distance themselves under the oscillating
gravitational field of the wave, is

D2

— St =R _U"UPS°. (1.16)

dr? e

At the first order in hfg , D — 0, where D/dr is the derivative with respect
to the proper time of the particle. If the particles are in slow motion, one
can write U* = (1,0,0,0) plus correction of order hfg and beyond. Since
Eq. 7 is of the first order, such corrections are negligible and in the equations
for (v, p) # (0,0) RHS is equal to zero. Besides that, since we are in a slow

motion approximation, 7 = g = t, S0

S
ot

— RS, (1.17)



The components of the Riemann tensor in this case will be
1
R,uOOo‘ — 5(8080}153 —|— 80(9#thT - (90(90}153 - 8u80hZOT) (118)

Since thT = 0, the terms beyond the first in the equation from above vanish.
So Eq. 1.16 for two slow particles at the first order is

o25n 1. 0% oo
55 = 35 ahe " (1.19)

From here we deduce that, if the gravitational wave popagates along the z-
axis, the separation along ¢ and z between the two particles is not altered,
since

0 O 0 0
; 0 h h 0 ;
TTp _ p,—iw(t—2) _ + X —iw(t—2z)
h, Che 0 hy —h, 0 e (1.20)
0 0 0 0
implies
0?8 1 0?
= -S7 —hIT" =0 1.21
o2 27 o2 e ( )
028 1 0?
— =-57"—hl"=0. 1.22
ot? 2 0tz ° ( )

- gw""'% aWa
O 000

\‘\w? \wum
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time =i
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X

Figure 1.2: The effects of the two polarizations, h, and h., on a ring of
particles in the plane orthogonal to the direction of propagation.



Now we analyze separately the effects of the two polarizations h, and hy.
Two particles that are initially separated in the direction z'(z?) oscillate in
the direction z'(z?) if perturbed by a gravitational wave with h, = 0:

0*st 1, 9

—_qlZ_ —iw(t—2)) _ 1 — - —iw(t—z) 1
= 5 (e )= 0= S'(1) <1 + e ) SY(0),
(1.23)
P2 1,0 L
i —lw(t—2)\ _ 2 — - —iw(t—2z) 2
(1.24)

Viceversa, two particles that are initially separated in the direction z'(z?)
oscillate in the direction z?(z!) if perturbed by a gravitational wave with
h+ = 0:

SU(t) = S1(0) + %hxe‘“"(t‘z)52(0), (1.25)
S2(t) = S*(0) + %hxe_iw(t_z)Sl(O). (1.26)

The quantities hy and hy are two independent linear polarization modes of
the gravitational waves. One can define the clockwise and counterclockwise
circular polarizations as

hg = —=(hy +ihy), (1.27)

1
V2
hr, = —=(hs — ihy). (1.28)
The effect of a gravitational wave perturbation on a bunch of particles dis-

posed on a ring is shown at Fig. 1.2. These particles assume an elliptical
form that seems to rotate® clockwise (hg) or counterclockwise (hr).

1.4 Detecting gravitational waves

GW astronomy exploits multiple, widely separated detectors to distinguish
GWs from local instrumental and environmental noise to provide source sky

5More precisely, the particles move with small epycicles around their initial position.
It is their collective motion that gives the impression of a real rotation.
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localization and to measure wave polarizations. Each LIGO site operates a
single Advanced LIGO detector, a modified Michelson interferometer that
measures GW strain as a difference in length of its orthogonal arms. Each
arm is formed by two mirrors, acting as test masses, separated by 4 km.
The differential length variation AL(t) = 6L, — 0L, = h(t)L alters the
phase difference between the two light fields returning to the beam splitter,
transmitting an optical signal proportional to the GW strain to the output
photodetector.

b
e P
Mass 1072 L
T
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z
£ 9 \
= a 16-22
< o 10
I c
> ©
=~ =1
@
10723 L
1 1
n-nreassts Ej 20 100 1000
Frequency (Hz)
Power
Beam =
Recly_lcllng Splitter Ly=4km
Laser 20w I_l & |_| 100 kW Circulating Power :
Source Test Test
: Mass Mass
Signal
Recycling ;
" Photodetector

Figure 1.3: Simplified diagram of an Advanced LIGO detector (not to scale).
A gravitational wave propagating orthogonally to the detector plane and lin-
early polarized parallel to the 4-Km optical cavities will have the effect of
lengthening one 4-Km arm and shortening the other during one half-cycle of
the wave; these length changes are reversed during the other half-cycle. The
output photodetector records these differential Fabri-Perot cavity length varia-
tions. Inset (a): Location and orientation of the LIGO detectors at Hanford,
WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each
detector near the time of the signal detection; this is an amplitude spectral
density, expressed in terms of equivalent gravitational-wave strain amplitude

(source: Ref [38]).

In order to achieve sufficient sensitivity to measure GWs, the detectors
include several enhancements to the basic Michelson interferometer. For fur-
ther technical details about this experimental subject, the main reference is
Ref. [38], that we have closely followed in order to write this (purely infor-
mative) section.
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1.5 The data analysis of gravitational wave
experiments

1.5.1 A little remark

The aim of this section, in which we will briefly summarize Bayesian data
analysis, is to motivate the necessity of continuous analytical model improve-
ment in the context of gravitational wave experiments. In ground-based
interferometers like LIGO and Virgo, the signal to noise ratio

<OUtpuﬂhtemplate> = / Sd{f) 0(f>h:emplate(f)7 (129)

where o(f) is the detector’s output, S,(f) the broadband noise of the de-
tector and Aiempiate the template of the expected signal, is very low. This
means that the gravitational signal that we want to observe is buried into
the noise. In order to extract it, along with the values of the parameters
that it intrinsecally contains, hundreds of thousands of templates of a “more
truthful as possible” model are needed. In Bayesian analysis, the prior hy-
pothesis, the model, must be of a “certain level of truth” to be plausible
when compared to the data. This is evident from Fig. 1.4, where we can
see a comparison between the data and two waveform models with different
“levels of truth”. The model with more physics (cyan), i.e. that is a better
approximation of General Relativity - that is our theoretical “truth” for what
concerns gravitation - represents a more tight and precise waveform than the
dummy, unphysical one (blue).

1.5.2 Bayesian Analysis

Considering the LIGO and Virgo experimental framework, complete infor-
mation about parameter estimation and model selection® is given in Refs.
[45] and [46], that we follow in this short overview.

6Parameter estimation means to use the experimental data in order to estimate the
unknown parameters of the source, whereas model selection means to decide which of
several models is more probable in light of the observed data.
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Figure 1.4: For illustrative purposes, the figure shows the time-domain data
(sampled at 2048 Hz) and reconstructed waveforms of GW150914, whitened
by the noise power spectral density for the H1 (top) and L1 (bottom) detec-
tors. The lighter, narrower shaded region (cyan) is the result from the mod-
eled analyses using IMRPhenom and FOBNR template waveforms. The cyan
region is tighter with respect to a damped-gaussian model (blue). The uncer-
tainty is greater for this minimal-assumption reconstruction due to greater
flexibility in its waveform model. The agreement between the reconstructed
waveforms using the two models is found to be 9472%, and is consistent

with expectations for the SNR at which GW150914 was observed (source:
Ref. [44]).

Bayesian inference describes the state of knowledge about an uncertain hy-
pothesis H as a probability, denoted P(H) € [0,1], or about an unknown
parameter as a probability density, denoted p(6|H), where [ p(0|H)df = 1.
The relation between the prior distribution p(f|H) and the posterior dis-
trubution p(f|d, H), where d is the data given by the experiment, is given
by

p(0|H)p(d|0, H)
p(d|H)

p(0ld, H) = (1.30)

This equation is named as Bayes theorem, and is the heart of Bayesian in-
ference. Since models have many parameters, it is more correct to define an
array of parameters @ = {0;,60,,...,0x}. In this case, the joint probability
distribution p(@|d, H) describes the collective knowledge about all parame-
ters as well as their relationships. Results for a specific parameter are found
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by marginalising over the unwanted parameters,

The probability distribution can be used to find the mean

(0;) = /Qip(9i|da H)db;. (1.32)

Model selection is performed by comparing the fully marginalized likelihood,
or “evidence”, for different models. This quantity is denoted as Z and is
defined as the integral of the likelihood £(d|@) multiplied by the prior over
all parameters of the model H:

7 = pld|H) = / d6,...d0xp(d|0, H)p(6| H). (1.33)

One can compare two competing models computing the ratio of posterior

probabilities
Oy — P(H;|d) _ P(HI)ZZ7 (1.34)
P(H;|d)  P(H;)Z;
where B;; = Z;/Z; is the “Bayes factor” between the two models i and j,
which shows how much more likely the observed data d is under model ¢
rather than model j. The choice of two competing a priori hypothesis is
common in bayesian model selection since one cannot exhaustively enumer-
ate the set of exclusive models describing the data.
The Bayesian analysis concepts that we have described above are simple.
But in practice, dealing with large amount of data in a multi-dimensional
model framework (like gravitational interferometers or particle physics ex-
periments), requires to stochastically sample the parameter space. So pa-
rameter estimation or model selection must be done using Markov chain
Monte Carlo (MCMC) and Nested Sampling techniques. Besides that, an
accurate description of these methods is not in the aims of this PhD thesis.

1.5.3 Waveform models

In gravitational wave experiments, the Bayesian inference is made with dif-
ferent models of the GW signal that is expected to be emitted during a
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compact-binary merger. These models differ in their computational com-
plexity, the physics they simulate, and their regime of applicability. The
ramification of the Ligo Advanced Library (LAL) that interfaces with wave-
form models for data analysis is called LALInference.

Each waveform model takes as input a parameter vector @ and produces as
output hy «(0), either a time domain h(0;t) or frequency-domain h(0; f)
signal. The parameter vector @ contains at least the following parameters:

e Masses of the two components of the binary, m; and ms. One can
define a reparametrization of the mass plane into the chirp mass, that

1S

B (mamg)?/5
M - W. (1.35)

Assuming that m; > mo, one can define the mass ratio

mo
== 1.36
a= (1.36)
and the symmetric mass ratio
m1Mmso
V= ———. 1.37
(m1 + m2)2 ( )

The objects (1.35) and (1.36) are easy to sample in a data analysis
process since they are less correlated, while (1.37) has a crucial role in
the EOB model (see Chapt. 4), but since its Jacobian is singular at
mi = Mg, it is not used to sample the distribution of masses in the
parameter space.

e The luminosity distance to the source dy;
e The right ascension « and declination § of the source;

e The inclination angle ¢ between the system’s orbital angular momentum
and the line of sight.

e The polarization angle ¢ which describes the orientation of the pro-
jection of the binary’s orbital momentum vector onto the plane on the
sky.

e The time of coalescence of the binary t.;
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e The orbital phase ¢. of the binary at the reference time t..

So nine parameters are necessary to describe a circular non-spinning binary.
If we wish to add the spin in our models, six additional parameters are
included:

. . . . S, .
e Dimensionless spin magnitudes a;, defined as a; = |m’2| and in the range
7

[0,1], where S; is the spin vector of the object ;

e Two angles for each S; specifying its orientation with respect to the
plane defined by the line of sight and the initial orbital angular mo-
mentum.

If we assume that the spin vectors are aligned or anti-aligned with the
orbital angular momentum, the spin-orientation angles are fixed, and the
spin magnitudes alone are used, with positive/negative signs corresponding
to aligned /anti-aligned configurations (11 parameters). We stress that in this
PhD thesis we will always assume that the spins are aligned, neglecting the
precession modelization.

Some examples of models that one can find in LALInference are:

e Time-domain and frequency-domain inspiral-only post-Newtonian ap-
proximants (see Sec. 2.7).

e Frequency-domain inspiral-merger-ringdown phenomenological wave-
form model calibrated to Numerical Relativity, like IMRPhenomD [30].

e Time-domain inspiral-merger-ringdown effective-one-body (EOB) mod-
els calibrated to numerical relativity, that will be the main subject of
this PhD dissertation starting from Chapt. 4.

We stress that many of these waveform models have additional options, such
as varying the post-Newtonian order of amplitude or phase terms.

1.6 The gravitational self-force

The gravitational self-force (GSF) describes the effect of a particle’s own
gravitational field on its motion. In this section we would like to remind the



16

physical aspects of Self-Force, since it is a non-negligible effect for the mod-
elization of compact binary systems [47]. A detailed overview of the subject
is given in Ref. [48].

While the motion is geodesic in the test-mass limit, in the GSF formalism it
is accelerated to the first order of particle’s mass. So GSF is fundamental for
the Laser Interferometer Space Antenna (LISA), which will be sensitive to
low-frequency gravitational waves. Among the sources for this detector is the
motion of small compact objects around massive (galactic) black holes. To
calculate waves emitted by such systems requires a detailed understanding
of the motion, beyond test-mass approximation. This first step was solved
by Mino, Sasaki and Tanaka [49], and then by Quinn and Wald [50]. The
equations of motion are now known as the MiSaTaQuWa equations. So-
phisticated calculations that are similar - but more complex, since we must
take into account the nonlinearities of spacetime - to QFT’s regularization
processes for the self-energy of an electron are necessary in order to obtain
an analytical GSF expansion for a binary system. Since some PN GSF in-
formation enters into the EOB formalism as a “more physics to take into
account” ingredient for its dynamical sector (see Sec. 4.2), we give here, for
completeness, a Newtonian description of self-force (we closely follow Sec. V
of Ref. [48]), which is useful to introduce it to the reader without getting lost
into very deep and complex technical arguments that are not in the aim of
this thesis.

Let’s consider, in Newtonian theory, a large mass M at position p(t) relative
to the centre of mass, and a small mass m at position R(t). We assume that
m < M and the centre of mass condition reads mR + M p = 0. We denote
the position of an arbitrary field point by @, and r» = @ is its distance from
the centre of mass. We shall also let R = |R| and p = |p|.

In a test-mass description of the problem, the smaller mass moves in the
gravitational field of the larger mass, which is placed at the origin of the
coordinate system. The background Newtonian potential is

Py(x) = —— (1.38)

and the background gravitational field is go = —V®, = —Mx/r®. In this
description, the smaller mass m moves according to d>R/dt* = go(x = R).
If the motion is circular, the angular velocity of the small body is Q2 =
M/R3, where R is the orbital radius. These results are in close analogy with
a relativistic description in which the smaller mass is taken to move on a
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geodesic of the background spacetime, in a test-mass approximation.
The Newtonian potential that takes into account the gravitational effects
produced by the smaller mass is
M m
lx—p| =-R

d(x) = (1.39)
and for m < M this can be expressed as ®(x) = Pg(x) + 0P(x), with a
perturbation given by

M M m
0P =+ — — . 1.40
(@) lx — p| * r x=—R (1.40)

This gives rise to a field perturbation dg that exerts a force on the smaller
mass. This is the particle’s “bare” self-acceleration, and there is a corre-
spondence with the analogous relativistic problem. The last term on the
right-hand side of Eq. (1.40) diverges at the position of the smaller mass.
But since the gravitational field produced by this term is isotropic around
R(t), we know that this field will exert no force on the particle. This term
can be identified as the singular “S” part of the perturbation,

m
) = 1.41
(@) =~ (141)
and the remainder as the regular “R” potential,
M M
Op() = ——— + —. 1.42
@)= ot (1.42)

The full perturbation is given by 0®(x) = ®s(x) + Pr(x), and only the “R”
potential affects the motion of the smaller mass. These physical consideration
and the split between a regular and singular have again a correspondence with
the relativistic problem.

One can check that at the first order in m/M Eq. (1.42) simplifies to

R -x
r3

Op(x) =m . (1.43)

This simplification occurs because of the centre-of-mass condition, which
implies that p is formally of order m/M < 1. The “R” part of the field
perturbation is then

3(R-x)x —r*R

7o

gr(z) =m , (1.44)
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and evaluating this at the particle’s position yields a correction to the back-
ground field go(x = R) = —M R/R? given by gr(z = R) = 2mR/R?. The
force still points in the radial direction but the active mass has been shifted
from M to M —2m. The angular velocity becomes Q* = (M —2m)/R®. This
can be cast in a more recognizable form if we express the angular velocity
in terms of the total separation s = R+ p = (1 +m/M)R between the two
masses. To first order in m/M we obtain Q* = (M + m)/s®, which is Ke-
pler’s third law. So the “R” part of the perturbation is responsible for the
finite-mass correction to the angular velocity.



Chapter 2

Approximation Methods for
General Relativity

2.1 Preamble

Due to its complexity, GR cannot be exactly solved. So, in order to do GW
theory, one must juggle between different approximation approaches, which
are very technical and hystorically ramified, at the point that each of them
is a research area on its own. In short, they are:

e Post Newtonian Approximation (PN): It was introduced in 1916 by
Einsten, Droste and Lorentz. It provides an excellent computation
tool when the physical systems are slow-moving (2 < 1) with a weak
gravitational field inside the source (% < 1). Both of these quantities
are treated as a small parameter, and the gravitational field equations
are solved iteratively. A PN series is a Taylor series with n PN orders
(beyond the leading order term), therefore “n-PN series” means that
the series will stop at the n-th power of the velocity parameter. (see
Sec. 2.2).

e Post Minkowskian Approximation (PM): Again, this method was in-
troduced by Einstein himself in 1916. It consists of an approximation
of the metric g,, in a postlinear way, i.e. by adding small curvature
corrections to the leading order (LO) flat spacetime represented by
the Minkowski metric 7,,. The small parameter of the expansion in
this case will be Newton’s coupling constant G. The first attempt to

19
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use this kind of expansion to go beyond linearity in the solution of Ein-
sten’s Equations 11 was made by Bertotti and Plebanski [51]. Then the
method was refined and pulled up to 1PM order (that is equivalent to
the 2.5PN order [52]) by Damour and Deruelle [17, 18], and this was the
main theoretical contribution to the discovery of PSR B1913+16 [19].

e Multipole Expansions: These expansions do not require a small param-
eter since they are expected to converge. This topic is very natural to
approach given the structural affinities between electromagnetism and
gravity as gauge field theories [53].

e Multipolar Post-Minkowskian Approximation (MPM): Since approxi-
mation methods for GR can’t be applied to arbitrary sources, but have
limited validity in space and time, by merging the PM formalism with
a multipolar expansion one solves the problem and gets a very powerful
analytical tool for the study of GR [22, 21, 54].

e W.K.B. Approximation (WKB): This is the well known high frequency
or shortwave approximation [55, 56].

e Small Perturbations: This is an expansion about an arbitrary curved
background rather than flat Minkowski spacetime. This topic is sub-
divided into two problems that lead to two different master equations:
the test particle on Schwartzschild one [57, 58] and the test particle on
Kerr one [59]. These equations can be solved numerically [60, 61] or
with PN expansions [62].

e Numerical Methods: These may be viewed as expansions in a parameter
determined by the ratio of the grid size to the typical length or time
scale in the problem. If one uses numerical methods to solve Egs. (11)
directly, then we are speaking about numerical relativity (NR) [63]; if
one uses a numerical method to solve approximate equations like the
ones for the test particle case, then the name “NR” is not suitable.

In this thesis we will review the approaches that are useful for the GW
modelization framework (i.e. the ones that are related to the EOB approach
of Chapt. 4), that is one of the “last steps” in interfacing GR with GW data
analysis experiments. Therefore, from the above topics, we will not consider
the PM formalism and the WKB approximation, that are beyond the work
done in this dissertation.
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2.2 Post-Newtonian approximation

Let’s start from the virial theorem ((E)y;,, = 3(V)). It is easy to obtain from

it the relation
GM
v? = : (2.1)

r

Commonly, when we speak about a n-PN order approximation, this means
that up to the parameter (2)*" and (%) beyond the leading order (LO)
have been retained and higher order terms have been discarded. From this
point of view, is necessary to consider the Kepler law at the LO

(rw)? = GTM, (2.2)

that in PN expanded form becomes

GM GM\? GM\* GM\*
1+(11 — | +as | — +as | — +O
r r r r
(2.3)
which is truncated at 3PN order. The values of coefficients are usually written
in the harmonic gauge. Besides that, the important thing for us is that, using

Eq. (2.3), it is possible to compute any relevant quantity as a power series
either of the orbital frequency or the radius. Usually Eq. (2.3) is expandend

defining the parameter
GMw\"?
v= ( = ) (2.4)

(rw)? = GM

Y

r

that, considering the gauge-invariant parameter in natural units x = (M w)%,
gives
v =2 (2.5)

This quantity is really useful because it trasforms the PN expansions in
gauge-invariant ones that do not depend on the radius and the orbital veloc-
ity.

The PN approximation, besides, is an asymptotic expansion that is non-
convergent. Its validity is near the source, and far away from the source it
presents divergencies.
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2.3 Multipole Expansions

2.3.1 The quadrupole moment formalism

We mainly refer to Ref. [64] for the discussion of this topic. The lowest-order
wave generation formalism is the quadrupole formalism of Einstein [13] and
Landau & Lifshitz [65]. This formalism applies to a general isolated matter
source which is PN in the sense of existence of the small parameter ¢ = %
However, the quadrupole formalism is valid in the Newtonian limit ¢ — 0;
it can rightly be qualified as “Newtonian” because the quadrupole moment
of the matter source is Newtonian and its evolution obeys Newton’s laws
of gravity. In this formalism the gravitational field hg;»T is expressed in a
transverse and traceless (TT) coordinate system covering the far zone of the

source at retarded times, as

2G d*Q, R 1 1
hg;T - @ ijab(n){ d?Qb (T - z) + o (E) } + @ (ﬁ) (26)

where R = | X| is the distance to the source, T — £ is the retarded time,
n = % is the unit direction from the source to the far away observer, and
Pijab = PiaPjp — %Pijpab is the T'T projection operator, with P;; = d;; —n;n;
being the projector onto the plane orthogonal to n.

The source’s quadrupole moment is

Qy(0) = [ Pepta.t) (i - 3 le ) .7

where p is the Newtonian mass density. The total gravitational power emitted
by the source in all directions around it is given by the Einstein quadrupole

formula cw
_ (dE G (1d3Qu d*Qu 1
F= (ﬁ) —5{5 RN T (‘)} (28)

where F stands for the total gravitational energy flux or gravitational “lu-
minosity” of the source. The total angular momentum flux is given by

dINY G2 dQuc d*Qu 1
: = = —9 —€iab— ol = 2.9
g (dT) c5{5'E var? ars (&)} (2:9)
where €, denotes the Levi-Civita symbol.
The gravitational analogue of the damping force of electromagnetism, which
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reacts on the source’s dynamics in consequence of the emission of GWs, is

given by
eae . G 2 Qi 1
Flee = = {—gx e +0 (—02) } (2.10)

It is relevant to remember that the gravitational radiation reaction is gauge-
dependent, so the expression of the force depends on the coordinate system
which is used. Let’s now consider the energy and angular momentum of a
matter system made of some perfect fluid:

I T 1 1
E—/alalc,o{2 +1I 2}+O(CQ (2.11)
1
Ji:/d?’az peiabx“vb—i—O(—) (2.12)

c2?

The specific internal energy of the fluid is denoted II, and obeys the usual
thermodynamic relation dIlI = —Pd(%) where P is the pressure and p the
mass density; the gravitational potential obeys Poisson equation VU =
—47Gp. Using the usual equation of motion p% = —0;P + po,U + F]e
and continuity equation 9;p + 9;(pv’) = 0, one can compute the mechanical
losses of energy and angular momentum from the time derivatives of £ an
J;. The conservative PN corrections are neglected, but the radiation-reaction
contribution F/“* is added in order to be consistent with the physics of the
process. The result is

dE df

o= _ 3 iFTeac - _ - 21
o /d x V'F, F+ o (2.13)
dJl reac dg’L

i / dPx €iupro Fy = —G; + 0 (2.14)

where the total time derivatives of f and ¢; are made of quadratic products
of derivatives of the quadrupole moment. Looking only for secular effects,
one can apply an average over time on a typical period of variation of the
system, obtaining

dE
dt

dJ;
dt

{
{

) =—(F), (2.15)

) =—(Gi), (2.16)



24

where the brackets denote the time averaging over an orbit. These balance
equations encode the secular decreases of energy and angular momentum by
gravitational radiation emission. Using the binary’s Newtonian energy and
angular momentum,

Gmlmg
) S —— 2.1
» (2.17)
Ga(l — €?)
= _— 2.1
J mime T + 11 y ( 8)

where a and e are the semi-major axis and eccentricity of the orbit and m;,
and ms are the two masses, from the energy balance equation (2.17) one
obtains the secular evolution of a and, changing from a to the orbital period
P using Kepler’s third law!, the secular evolution of the orbital period P,
namely

dP, 1927 (QWG)S/B mimy 1+ e’ 4 3t (2.19)
: .

<E> - 505 P mq + m2)1/3 (1 _ 62)7/2

The last factor, depending on the eccentricity, comes out from the orbital av-
erage and is known as the Peters & Mathews [66] “enhancement” factor. The
secular evolution of the eccentricity e is deduced from the angular momentum
balance equation (2.18), as

de 608 e (27TG)5/3 mymes 1+ %62 (2.20)
( .

<E> T 1P\ P my + mg)l/3 (1 — €2)5/2°
Interestingly, the system of equations (2.19)-(2.20) can be thoroughly inte-
grated in closed analytic form. This yields the evolution of the eccentric-

ity |67]:
[ ] 62 121 145/121
2 _ 19/9
m (1 + —e ) = Cop R (221)

where ¢y denotes an integration constant to be determined by the initial con-
ditions at the start of the binary evolution. When e << 1 the latter relation
gives approximately e ~ cq P9,

It is important to stress that if for a long while it was thought that the

IGM = Q%a3, where M = my + my is the total mass and Q = 27” is the orbital
frequency.
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quadrupole formalism was sufficient for the observation of all compact bina-
ries, it is only the first order approximation of a more complex PN multipole
series that contains (part of) the theoretical information necessary to ad-
vanced detectors and strong-field regime sources [68, 69, 70]. Having said
that, the quadrupole formalism contains the basic physical properties of co-
alescing compact binaries. Looking at Eq. (2.19) and Eq. (2.20), one can
deduce that the two compact binaries steadily lose their orbital binding en-
ergy by emission of gravitational radiation; as a result, the orbital separation
between them decreases, and the orbital frequency increases. Thus, the fre-
quency of the GW signal, which equals twice the orbital frequency for the
dominant harmonics, “chirps” in time (i.e. the signal becomes higher and
higher pitched) until the two objects collide and merge, as what was predicted
for the first time by Dyson [71]. The orbit of most inspiralling compact bina-
ries can be considered to be circular, apart from the gradual inspiral, because
the gravitational radiation reaction forces tend to circularize the motion ra-
pidily. This effect is due to the emission of angular momentum by GWs,
resulting in a secular decrease of the eccentricity of the orbit. That being
said, the main point about modelling the inspiralling compact binary is that
a model made of two structureless point particles, characterized solely by two
mass parameters m, and possibly two spins S,, with a = 1,2, is sufficient
in first approximation. Indeed, most of the non-gravitational effects usually
plaguing the dynamics of binary star systems, such as the effects of a mag-
netic field of an interstellar medium, are dominated by gravitational effects.
The main reason for a model of point particles is that the effects due to the
finite size of the compact bodies are small.

2.3.2 STF tensor approach

Before introducing the multipolar expansion of the gravitational field, which
is the “next natural step” after the definition of the quadrupolar approxima-
tion, we review the “language” in which this expansion is written.

The multipole expansions of a field are common objects that are used in
different fields of physics (see for example electromagnetism [72]), and for
what concerns GWs, it was introduced by Thorne [53] in 1980 and refined by
Damour and Iyer [26] ten years after. In this PhD thesis we'll always refer
to the latter approach, that is briefly overviewed here following the more
detailed Ref. [73].

Firstly, let’s remind that A, BY = 57 Aiy i B 6 = 09 = diag(+1,+1, +1);

i1...3
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ol = 2 2 nt = 1’7 (unit radial vector); n* = nit..n%; 9, = 0 _,;
M=0—-2)(¢—4)..2o0r 1.
Let’s consider a Cartesian tensor
1
AL = Ay = il Z Aiyy i (2.22)

its symmetric part is denoted by (...) parenthesis, and o runs over all the ¢!
permutations of (1,2, 3...¢). Usually, the STF part of a tensor is denoted by
angular brackets A_;- (as in the previous Poisson PDE example) or by a
more explicit ST F. The STF part of a tensor, which is not STF, is obtained
computing its symmetric part

1
Sp=7 > Aiine (2.23)

and removing all traces

(5]
A<L> = Z aibd(ilhdisiz;"'5i2n—1i2nSi2n+1~~~iz)j1j1mjnjn (2'24)

n=0

where
(—)"0(20 — 2n — 1)1
i = (€ — 2n)l(20 — )11(2n)! (225)

and [é] is the largest integer less than or equal to % The first term in (2.24)

is S7, (a§ = 1), and the subsequent terms are obtained by tracing S; over
one, two... [%] pair of indeces. For ¢ = 2 and ¢ = 3 is simple to obtain

1 1
Acirip> = §(Am'2 + Aiyiy) — 551'1@'2143” (2.26)
and
1
A<i1i2i3> = A(i1i2i3) - 5(5i1i2A(jji3) + 5i2i3Ajji1 + 5i3i1Ajji2) (2‘27)

The proof of Eq. (2.24) follows by noting that the STF tensor is constructed
by tracing successively over 0,1,2... pairs of indices. The coefficient of each
of these type of terms is determined by tracing both sides of Eq. (2.24)
over a pair of indices, two pairs etc. The left hand side yields zero, while a
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contraction on the k* term on the right hand side yields a S contracted (k)
times or (k4 1) times. Consequently, cancellation of terms after contraction
will occur only between successive terms, leading to a relative sign between
them. Thus, if
Sil...in = S’il...in - a25(i1i25i3i4..4in)j1j1 + a4§(z’1i26i3i4Si5i6..‘in)j1j1j2j2 (2-28)
k
+ ..+ (_) a2k6(i1i26i3i4‘"6i2k—1i2kSi2k+1---in)j1j1---jkjk"'

nothing that (al, = (—)"ag), after some algebra we obtain

_ (n—2k)(n -2k —1)
D) T 9k £ 1)(2n — 2k — 1)

s, (2.29)

which using ag = 1 yields

g = (2’f2)n(’f). (2.30)

(51

This leads directly to (2.25) determining the af,.
In general, the set of all STF Cartesian tensors of rank ¢ generates an ir-
reducible representation of weight ¢ and dimension (2¢ + 1) of the group of
proper rotations SO(3), and any reducible tensor of rank p can be decom-
posed in a sum of pieces each of which belongs to an irreducible representation
and hence is expressible in terms of some building brick STF tensor of rank
less than or equal to p.
If e; denotes the Cartesian basis vectors, the basis of the (2¢+ 1)-dimensional
vector space of STF rank (-tensors is made of the STF parts of the ¢-fold
tensorial products

(61 -+ i€2) &® (61 + ieg)... &® (61 -+ i€2) &® €3 &® €3... &® €3 (231)

And their complex conjugates. Remembering that e] = (5? and defining

6 =6} + 6?2 , for m > 0 one can choose a basis
m m m

Aém _ AﬁmElzz> (2.32)
where
B = 61650500 .0} (2.33)
and

Alm — (Zym(2p — 1)“\/47r(€ _Qi;(1€+m)!. (2.34)
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This constant is chosen in order to respect the orthonormality relation

N~y ® (2€+ 1)”5

E = ———— - 2.35
: ,yL ") 47l ( )
01...0p

This is consistent with the standard normalization rule for the spherical

harmonics Yy,

/ A Yo = Oupr Sy (2.36)
If A
Vi = V"0, (2.37)
for m <0 R y
= (=) (2.38)

The (2.37) formula is very important because it allows to easily compute the
usual spherical harmonics by the canonical basis of the vector space of STF
tensors V™. Starting from Eq. (2.24) and using Eq. (2.33), a straightforward
calculation shows that

2]
¢ —m)! (—)k(2¢ — 2k — 1)
g (L=mt 2.39
<> (20— 1)l ; (2K — m — 2k)1 P (2:39)
51.2’?*11'2765;;@71'“6;;k+m57§)’2k+m+1'“5?)'
Hence, one can obtain an alternative canonical basis expression
A [2*]
im = Cim Z aémkd(ilh"'5i2k*1i2k57?;k71"'6£k+m5§2k+m+1'“5?£)’ (240)
k=0
where
(20+1)(¢ —m)!
m = (—)" 2.41
e = (=) \/ 47 (0 + m)! (2.41)
and

(=)*(20 — 2k)!

- . 2.42
Gk = 20000 — k)10 —m — 2k)! (242)

Now, a deeper insight to the relation beetween jﬂfm is useful in this discussion.
For m > 0, the usual spherical harmonics can be written as

yim = Come™? Py (cos ), (2.43)
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where

P (cosf) = (sin )™ pmy(cos 0) 72, (2.44)

Jj=0

The Y™’s generate an irreducible representation of the rotation group of
weight ¢ and dimension (204 1). As previously seen, the set of all STF tensors
of rank /¢ is also an irreducible representation of dimension (2¢+1). To exhibit
the one-one mapping between the spherical harmonics and the STF tensors
as written by Thorne [53], one can express the cartesian components of the
unit radial vector n as

n, + in, = sin 6 cos ¢ + isinf cos ¢ = sin fe' (2.45)
n, = cosb,
and rewrite
2]
Y™ = o, oy (N + im0y ™0™, (2.46)
=0

This is consistent with Eq. (2.37). The above formula allows one to use
either the spherical harmonics or the STF tensors to expand any function of
6 and ¢ on the unit sphere centered on the coordinate origin. One can have

oo m={
F0,0) =" F"Yiu(0,0) (2.47)
£=0 m=—¢
or o
£0.6)=> Finy. (2.48)
=0

The expansion coefficients in both schemes are related via

m=~{
Fo= Y F"yr (2.49)
or €|
m __ : 3Ok
F™ — 47 <—(2€+ 1)!) FLyime, (2.50)

Let’s now consider an arbitrary reducible tensor Tp; one can decompose it
into a finite sum of terms in the form ALBy, where AL is a tensor invariant
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under SO(3), made up of products of €;;; and J;;, and By is an irreducible
STF (-tensor of rank ¢ < p obtained by first contracting Tp with d’s and
¢’s before applying the STF projection. This decomposition corresponds to
expressing the repeated direct product of representations in term of direct
sums of irreducible representations

D, ® Dy = D‘g,s‘ @ 'D|g,s+1| D ... 0Dy, (2.51)

that is common in group theory textbooks as an example involving the quan-
tum mechanics angular momentum addition rule J = L + S.

The consideration from above is a generalization of the decomposition of an
arbitrary matrix into its trace, antisimmetric part and symmetric traceless
part

1
Tab = T<ab> + ﬂab} + géabT~ (252)

The only two possible contractions of Ti,;, with invariant tensors in this case
are T = 6,7 and T° = %e“bchc, and (2.52) is equivalent to a sum of

irreducible pieces since Tjqp) = €ape -

2.3.3 Application to linearized gravity

In the following, we will use capital letters (for example X)) in order to
distinguish the coordinates in the region outside the source with the ones
inside the source (lowercase letters). This means that one arbitrary radiation
source S(a,t) is spatially confined to the region |x| < rg, i.e. S(x,t) =0 if
lz| > ro.

The vacuum field equations of linearized gravity in the harmonic gauge (1.10)
may be conveniently written, considering also the R.H.S. of Eq. (11) as

- 167G

Ok (X, T) = ——T, (X, T). (2.53)

A
If the source T"” is compact supported in the region exterior to the source
we have the following multipole expansions for h,,, [73]:

700 4G~ (), (Fu0)
X, T) = ‘i—f > (a) oL (GZLJSU)> (2.55)
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B”(X,T) — ﬁ S <_)Z8L (HUL(U)) 7 (256)

A /! R

=0

where

FrL(U) = /d%iL /11 dz6,(2)T™ (2.57)
Gi(U) = / Briy /_ 11 dz6,(2)T" (2.58)

1
Hi;(U) E/d3x9%L/ dz6,(2) T, (2.59)
-1

where TH = TH (x,U + "2). Since G, is reducible, it may be decomposed
into three irreducible pieces (for convenience the numerical factors are ab-
sorbed in the “bricks”):

G(L—:_)l =Geart1> (2.60)
14
0) _

G(L) = H—lGab<L—1€iL>ab (2.61)

_ 20 — 1
G(L—)l = mGaaL—l (262)

such that

GiL = Gz(z) + Eai<ing)21>a + 5i<i5G27,)1>- (263)

Similarly, H;jr, is also reducible and can be decomposed into six irreducible
pieces:

HEQ = Hepqos (2.64)
1 20
ﬁH) = mSTFL+1(H<cig>dL71€ig+1cd) (2.65)

o _ 60(20—1)
L= (+1)(20+3)
20— 1)(20—1)

STFy,(H aiy>ar—1) (2.66)

gy = STF; 1 (Heasber—26ir -a 2.67
L— (€+1)(2€+1) L 1( <ca>beL—2€iy b) ( )
_ 20 — 3
H£—2) = mH<ac>acL—2 (268)
1
KL = -~ HgalL (269)

3



32
such that

Hyp = HSP + STFLSTEJ-(EMZH(E;FLI) ) (2.70)
-+ 57,7,£H(L 1 -+ §llg€ajlg 1HCLL 2 + 61”5]” 1 L 2) + 5ZJKL

By neglecting the technical details and long calculations of Ref. [26], at this
point the crucial step is to perform the gauge transformation that preserves
harmonicity; then, by using the conservation laws for mass, center of mass
and angular momentum of the source, one obtains that h*? in the canonical
gauge is determined by two sets of unknown functions M, = {My, S} and

given by
o\
AL (X.T) = [Z o (M)

(2.71)

Rean( X, T) = _%{Z % {8L—1 (ML_Tl(U)> (2.72)

14 Spr—1(U)
+ £+ 1€labaaL71 ( R )1}

20 €av(iSjypr—a(U)
T O ( R ’

where the “mass multipole moments” (that in this case substitute the charge
multipole moments of electromagnetism) for £ > 0 are given by

3 a
/d /1 dz{égx,;a 20+ )2 3)5g+1xa1;—al g (2.74)

2(2041) * -~
A+ 1)(6 +2)(20 + 5) Ocratart g T
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and the ”spin multipole moments” (that in gravity substitute the magnetic
multipole moments of electromagnetism) for ¢ > 1 are given by

1
SL(U) :GSTFL/CF(E/ dZ{(sgi’queabl’aa'b (275)
-1

_ 2041 Srii€ o i”?c
(04 2)(20 4 3) etk =lgg 0

00 SS Oa
where 0 = T2 g0 =T

- and the tilde has the same meaning as before.
For some interesting analogies between Einstein’s theory of gravity and elec-
tromagnetism - i.e. the “gravitomagnetism” topic -, see Sec. 3.1.2 of this
dissertation.
Let’s now consider ¢ = 0. By STF-decomposing Eq. (2.75) we obtain the

following expression which is equivalent to the static multipole

Mc* = /d?’x /11 dz6o(T — 2n®T") (2.76)
= /d3xT00(w,t)
and for ¢ =1
M; = /d3x /1 dz6y [z (T — 2n®T%) — r2(T% — 2n,T%)] (2.77)
-1
= /d3xxiT00(w, t).
Considering also Eq. (2.76),
1
S; = /dgx /_1 dz516mbxa(TOb — anTbc) (2.78)
= eiab/d3x:c“T0b(:c,t).

Therefore, in the linearized gravity case, the efficiency of the STF techniques
has allowed to obtain closed form expressions for the spin and mass moments
in terms of the stress energy distribution of the source. Furthermore, it
encompasses the static moment as well. It is important to keep in mind
that My and S, are the canonical multipolar moments, whereas the source
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moments, which are written in terms of the source variables in a consistent
way with Eqs (2.75) and (2.76), are

! 4(20+1
]L(U) :/d?’x/ldz{(Sg:%LE— 02< ( €+ ) 5g+1i‘aLiZa (279)

(+1)(20 + 3) oU
2(2041) 0% 2r
_—_ya e
AT D115 g @ et )
and
1
J(U) = STFy, / d*x / dz{égiL_leimbx“Eb (2.80)
—1

20+ 1 0 2r
- 5 ipa Aac - _Ebc ) A
20+ 2)20 +3) ¢+1€i,abLacL 150 }(33 U+ c)

where the source densities are defined from the PN expansion (denoted by
an overbar) of the pseudo-tensor 7 by

7:00 + 7:1’1’
L=—F (2.81)
7—_Oi
Y= —, 2.82
- (2.82)
and
Yy =T (2.83)

Source multipoles are valid in the “near zone” (distances from the source
that are short compared to the gravitational wavelength), while radiative
multipoles (that we will discuss in the next section) are valid in the “far
zone” (distances that are large compared to the physical size of the source).

2.3.4 The radiative multipole moments

If one moves far away from the source, the emitted spherical waves will
become like plane waves. GWs are transversal in respect to the direction
of propagation, therefore, there is a symmetric and traceless tensor in the
local plane tangent to the field irradiated in form of spherical wavefronts
and orthogonal to the versor m normal to them. We want to project the
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wave on this plane in a STF form. Given the direction n, one can define the
projection operation

Doing twice this operation it is easy to obtain the TT projection operator
1
Pijay = Pia(11) Pjy(10) — S Pij(10) Py (). (2.85)

Using Eqgs (2.71),(2.73) and (2.74) one can define

4G = 1 20
hz;T = ﬁipijab(n) ; A0 {nL2UabL2<U)_mncL2€cd<a‘/b>dL2<U) }7

(2.86)
where Uy (U) are the mass-type radiative multipole moments and Vi (U) the
current-type radiative multipole moments. Radiative coordinates are such
that the retarded time U =T — % becomes asymptotically a null coordinate
at future null infinity. The multipole decomposition from above represents
the generalization of quadrupole formalism and at this point it is necessary
to put it in relation with the source parameters. At Newtonian level, the
mapping between radiative multipole moments and source parameters is

0,0) = Q)+ 0 (5). (287)

where @);; is the Newtonian quadrupole moment. In linearized gravity, gen-
eralizing this case,

Uy =1% (2.88)
and
v, =JY. (2.89)

Keeping in mind Eqs (2.79) and (2.80), (2.86) becomes

4G
2R

1 4 1
hg‘T = Pijab{]é?ﬂL_Iéz():””r—ch<an(i)cnd+—1(4)dncnd+...}, (2.90)

3¢ 3c 122" abe

where ]é? = Qﬁ). It is possible to compute the energy flux from the radiative
multipole moments using the formula

F = 10+ (Ve)?), (2.91)

(=2
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that in terms of the source multipole moments becomes

— 1 ¢ L
F=X. {(I£+1))2+C—Q(Jé+l))2 . (2.92)
(=2

Let’s now introduce two unit polarization vectors p and q, orthogonal and
transverse to the direction of propagation nn. Then the two “plus” and “cross”
polarization states of the asymptotic waveform are defined by

1
hy = §<pipj - qiqj)h;'l;'T (2-93)

and .
hy = §(piq]' + pj@)he (2.94)

Although the multipole decomposition (2.86) is completely general, it will
also be important, having in view the comparison between PN and numeri-
cal results, to consider separately the various modes (¢, m) of the asymptotic
waveform as defined with respect to a basis of spin-weighted spherical har-
monics of weight -2. Those harmonics are function of the spherical angles
(0, ¢) defining the direction of propagation n, and given by

}/'({2): A7 de (9>€ ¢7 (295)
where
ko k 20+m—2k—2 2k—m+-2
m (_) Im 0 : 0
d —kzk 6 (cos§> (smé) (2.96)
=k1
with

om VC+m)(0—m)(0+2)1(¢ —2)!
e = , (2.97)
(k—m+2)/(l+m—k)({—Fk—2)!
where k; = max(0,m — 2) and ky = min(¢ + m,{ — 2). Thus we decompose
h, and h, onto the basis of such spin-weighted spherical harmonics, which
means

[eS) ¢
hy —ihye =Y > B"YR(6,9). (2.98)

£=2 m=—{
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Using the orthonormality properties of these harmonics we can invert the
latter decomposition and obtain the separate modes h™ from a surface in-
tegral,

hfm = /dQ[m — ih Y0, ), (2.99)

where the overbar refers to the complex conjugation. We can also relate h‘™
to the radiative multipole moments U, and V. The result is

G i
S —— § S Ve 2.100
,¢§R&+2[ ! }, (2.100)

where U and V" denote the radiative mass and current moments in stan-
dard (non-STF) guise. These are related to the STF moments by

4 [(0+1)(0+2)
Im —— A m
Ut = i 200 1) oimuy, (2.101)
and
8 00 +2)
bm — _ — tmys 2.102
v 6!\/2(€+1)(€—1)% Vi (2.102)

Here o™ denotes the STF tensor connecting together the usual basis of
spherical harmonics Y*" to the set of STF tensors n; = Ny ...Ni,~. Both
Y™ and fy, are basis related by

Z almytm (g (2.103)
m=—{
and o0 1
Wwa@—iz%%ﬂ?mw¢» (2.104)
Remembering (2. 37) = (Qi:;,) ai™ and the tensorial coefficient af™ can

be computed as o™ f dQnp Y.

2.4 The MPM approach

The multipolar post-Minkowskian (MPM) expansion [22] is an algorithmic
procedure for generating iteratively the most general solution to Eq. (11)
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in the form of a post-Minkowskian (or non-linearity) expansion whose coeffi-
cients are themselves given by a multipole expansion that is physically valid
outside the compact support of the source. A MPM metric is a formal series
in powers of G:

G = Jgg®® = ®? + GhSP + G*hs? + .Ghe? + .. (2.105)

such that each term h%” admits a multipolar expansion associated with the
SO(3) group of rotations

het = hypat(0,6), (2.106)

>0

where ny, is the STF part of ny. This expansion is equivalent to an expansion
in Yy,,. Inserting the PM expansion into the Einstein tensor density

1
2g <R‘“5 — 5gaﬁR) = 2¢T*F (2.107)

in vacuum, one has the following hierarchy of equations:
Oph? = 0°HE + 0°HY — n*P0,H" + N2 (hihg...hy 1) (2.108)

where H,, = 93h2” is the harmonicity of h* and N2” is a non-linear func-
tion of previous h, and its first and second derivatives. Choosing harmonic
coordinates such that Y = 0, one must select the MPM metrics which are
stationary in the past and Minkowskian at spatial infinity, so for t < —T
% =0 and lim, _, hgﬂ = 0. This allows for a well-defined iteration at any

order incorporating Fock’s no incoming radiation condition. Note that

Ny =0 (2.109)
Ny ~ h107 + Ohy0hy (2.110)

N, = Zn: > “00” N, Py - P, (2.111)

a=2 mi+mao+..mg=n;mp<n

where the two partial derivatives have to be distributed among the h] s with
possible repetition (the quote marks are there to highlight this fact).

To construct the most general solution of the above equation one can proceed
as follows:
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1. Take the more general gauge transformation of the solution maintain-
ing the harmonic-gauge condition and satisfying Ow{ = 0, with w*
arbitrary gauge vector,

WP IMWV] = By [M] + 8°w) V] + 87w V] = 1°P 9,01 W), (2.112)
with
R u
higam [M] = —% [Z (zv) Or (MLT( )>] (2.113)
=0
oo . ¢ ° } u
Reani[M] = 04_3{2 # {aLl (ML%I()> (2.114)

y 0 (_Yt T (4
a1 [M] = _%{Z E_') |:8L—2 (M) (2.115)

2, eab@-sﬁbLQ(u))H
al—2 - 5

+E—i—l T

where u =1t — 7, and

[i <;!>£8L (WI}(“))] , (2.116)

wi=— é{i (;—,)K [aiL (XLT(M (2.117)
A {E o (). L ()

where W = {W, X, Yy, Z1} are the gauge multipole moments that
parametrize our general MPM solution and M = {M(t), SL(t)} a set
of two time-varying tensors that does not have physical meaning except
the time-independent M, which is the ADM mass of the system (i.e.
the mass at infinity).
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2. Starting with h$’[M] one computes the effective non-linear source

Ny (hy) for hy. The inhomogenous wave equation for hy cannot be solved
by the ordinary retarded (ret) integral since the domain of definition of
the right hand side is not R* but the open domain D(r > ry). Instead
of using a truncated retarded integral, the explicit solution is given by
complex analytic continuation. Each term in the multipolar expansion
of Ny in the exterior region » > ry > 0 is a function of r which can
be analytically continued for 0 < ry and has a tempered singularity at
r = 0 (less than some r~* where k is a positive integer). Since Ny — 00
as r — 0, one still cannot use the ordinary retarded integral to solve
wave equation. This problem is solved choosing a complex number B

B
such that Re(B) is large enough that (%) Ny is a continuous function
on R* (rq is an arbitrary length scale). The ordinary retarded integral
of this quantity is well-defined for B and can be analytically continued
all over the complex plane except for multiple poles at integer values

of B. If one denotes

I(B) =0} (TL) ’ N, (2.118)

then the Laurent expansion of this function near B = 0 defines two
quantities: pg’g , the finite part of the Laurent expansion of I(B) near
B =0, and ¢y fla particular solution of the homogeneous wave equation
such that pgﬁ +qy 5 satisfies the harmonicity condition.

3. Generalizing to higher orders one has

he? = p3’ + q2” (2.119)
B
T
pef = FPB:(){Drelt <T—) N, (hy, by, ...hnl)} (2.120)
0
r\"n;
Dpqs” = —ResBzo{DT; (T—O) fN;a}, (2.121)

where the operator FPO_}

generalization of the usual retarded integral operator O
with singular sources.

(F'P means “finite part”) is a convenient

. when dealing
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The full solution of vacuum Einstein field equations in the form of the post-
Minkowskian expansion series is then?

B0 =37 G0 My, Sy, W, Xi, Y, Zi) (2.122)

n=1

At this point, the solution from above still does not have any physical mean-
ing. In particular, M and S, are arbitrary functional parameters that have
been inserted in order to mediate between the source (that is described by
the “source” multipole moments (2.79) and (2.80)) and the radiation in the
exterior zone (see Eq. (2.86)), where the PN approximation loses validity.
More precisely, in the near zone r << A\, 7 > Trsurce, €ach h, admits an
asymptotic expansion for ¢ — oo on scale functions (logc)?c9. This is a
near zone expansion of the exterior field or a PN expansion of the PM field.
The PN assumption according to which h, admits a PN expansion along
simple powers of ¢! is inconsistent with the non-linear structure of GR. In
the far zone r — oo, ¢ — £ fixed, one has an asymptotic expansion along scale
functions (logr)Pr~9. This does not imply absence of asymptotic simplicity,
since we are in the harmonic coordinates which are not good radiative co-
ordinates (this is why in section (2.6) the radiative multipole moments have
been chosen with the so-called radiative coordinates).

Let’s now consider Eq. (2.122). The most general solution is parametrized
by two and only two sets of moments. The simplest MPM construction, here
referred to as “canonical”, is obtained by annulling all the gauge moments
in Eq. (2.122):

heh, = G heP[My, 81,0,0,0,0]. (2.123)

can
n=1

This means that the iteration now begins at linearized order with the solution
hean1[Mp, Sp). To preserve the non-linear effects on subsequent iterations, the
two canonical moments must be related to the source and gauge moments. In
order to do this, one posits that Eqs (2.122) and (2.123) have to be isometric
(i.e. to differ by a coordinate trasformation). It can be shown that this yields

2The explicit MPM construction leading to (2.122) is quite complicated in practice but
now entirely performed with the software Mathematica together with the tensor package
zAct.
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unique relations of the type

My = I+ My[l, J,W, X, Y, 7] (2.124)
S = JL+SL[], J,VV,X,Y,Z], (2.125)

where M and §;, denote some non-linear functionals of the source and gauge
moments that are at least quadratic and start only at 2.5PN order. When the
relations from above are satisfied, the two sets of moments M = {M, S.}
and {1, J,W, XY, Z} describe the same matter source. Since only the radia-
tive moments (2.86) or their derivatives have physical meaning in terms of
quantities measurable by an array of detectors, the canonical moments are
then matched with the radiative ones (here denoted by M™% = {U,, V. }):

M = MU M. (2.126)

Now the radiative multipole moments are correlated with the source ones,
and the non-linearities of GR are preserved in the iterations. The complex
non-linear equations resulting from the matching procedure are contained in
Blanchet’s review [64]. At a conceptual level, it is fundamental to observe
that, doing the multipolar expansion of h*® under the hypothesis of matching
(Th. 5 of Ref. [64]), the source and gauge moments can be computed in the
form of integrals over the source (Eq. (106) of Ref. [64]), obtaining some
non-linear PN series that are valid even far away from the source. Once the
multipoles at a certain level of approximation are computed, one can obtain
the energy flux emitted by the source using the formula

o C+DE+2) -, 40(0 +2) >
F= ;c%—i—l { 1)ee(2¢ + 1N U +02(£_1)(€+1)!(2£+1)” L
(2.127)

The flux from above has been exactly computed using MPM methods up to
4.5PN for the orbital, comparable-mass case [74], and up to 3.5PN for the
comparable-mass, quadratic-in-spin [75][11] case, that includes a LO cubic-in-
spin 3.5PN piece [76]. This information, beyond its fundamental theoretical
importance, is useful in order to build PN approximants for GW experiments
(see Sec. 2.7). In Ref. [11] and Chapt. 7, it is used for this purpose with
some extra-phenomenological terms that have been computed with the EOB
approach (see Chapt. 4).
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2.4.1 Tail effects in generation of gravitational radia-
tion

The phenomenon of tail effects in gravity (i.e. the backscattering of GWs
into the curved spacetime), that has an analogue in covariant Maxwell theory
on a differentiable, curved, manifold, has been studied in detail by Blanchet
and Damour [24]. Tails are the consequence of the non-locality of spacetime:
gravity generates gravity, and this fact influences the propagation of gravity
even from the remote past of a source. In other words, the gravitational field
backscatters off the curvature of spacetime which is nothing more than the
wave-field itself. From a (curved) light-cone point of view, the propagation
proceeds not only along the cone’s “velocity of light borders”, but also within
it (this is the “scattered propagation” or “tail” into the spacetime). The ef-
fect has various orders: if gravity generates gravity that generates gravity,
we will have a tail-of-tail term into our PN expansion. In this context, the
non-linearities in the MPM formalism enter through higher-order istanta-
neous interactions between multipoles and by hereditary contributions. For
the purposes of this dissertation, let’s consider the tail terms only, which
correspond to quadratic interactions and arise at 1.5 PN order. The tails
come from the interaction between the mass monopole M and a non-static
multipole My, or Sy (with £ > 2). The MPM formalism gives the following
contributions, which have to be added to any mass and current multipole
momements,

‘ 2GM [Tr Tg —

Ui (Tr) = =5~ / M (r) [log ( o T) + w] (2.128)
. 2GM [Tr Tp —

VLtml(TR) == / SngQ)(T) |:10g < R2b T) + W}, (2.129)

where Tp =t — — 2f—gM log (é) +0 (%) is a relation that takes into account
the logarithmic deviation of the MPM solutions at infinity. Besides that, b is
an arbitrary costant time scale unrelated to the ry introduced in Eq. (2.118);
k¢ and m, are two numerical constants depending on ¢; M is the ADM mass
(i.e. the mass of the physical system at infinity).

In the two integrals the matching between the radiative multipoles and the
canonical ones is explicit. The calculation of hereditary integrals requires
knowing the dynamics of the binary system in the past: for example, in
Ref. [77] it was assumed that at very early times the binary system was
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formed from freely falling BHs moving initially on some hyperbolic-like or-
bits (this ensures the convergence of the integrals). As it was discussed in
section 2.4, computing these integrals can lead to the tail term in the source’s
energy flux. It is important to stress that tail terms can also be computed
by expanding the waveform sector of the EOB formalism (See Chapt. 4 and
Ref. [11] for details).

2.5 Small Perturbations

2.5.1 Perturbation theory on a Schwarzschild back-
ground

Following Ref. [57], let’s consider a background metric g, with a small per-
turbation h,,. The contracted Ricci tensor of Eq. (11) will be, as usual,
called R, if calculated from g,, and R, +dR,, if calculated from g,, + h.,
where

R, = =0T, ,+ 6T, (2.130)
with .
T3, = §9al/(hﬁuw + havip = hpaw)- (2.131)

From the condition 0R,, = 0 one gets a second-order differential equation
on the h,,. This equation is a generalization in a curved space of the known
Schrodinger equation for a massless particle of spin 2 (the graviton) in a flat
space. When the background metric is given by the ordinary Schwarzschild
one around a fixed spherically symmetrical center of mass

-1
ds® = (1 — %) dt* — (1 — %) dr? — r?df* — r?sin® 0d¢?, (2.132)

where M is the mass of the source in natural units and 2° = ¢, 2! =r, 22 = 0
and 2° = ¢, then R, = 0. In general, one can do perturbation theory nearby
a given exact metric g,, substituting the expansion

Gy = v + €y + 02 + .. (2.133)

with e << 1 in R,, = 0, choosing an opportune gauge transformation
and keeping terms order by order in e. Returning to our Schwarzschild-
background Schrodinger-like equation and working only at first order, it
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makes sense to expand the perturbations in spherical (tensor) harmonics.
The symmetry of the metric allows angular momentum?® to be defined. The
angular momentum is investigated by studying rotations on the two-dimensional
manifold 2° = ¢t = constant, ' = r = constant. Under a rotation of the
frame around the origin, the ten components of the perturbing tensor trans-
form like 3 scalars (hoo, ho1, h11), 2 vectors (hga, hos; hiz2, hi3), and a rank-two
tensor, when considered as covariant quantities on the sphere. A typical
scalar function has the form

Gom = constant X Yy, (z2, x3) = constant X Yy, (6, ¢), (2.134)

with wave parity (—)¢ and “angular momentum” ¢, whose projection on the
z-axis is m. For vectors we have two distinct types with opposite parity: for
parity (—)¢ we have

0
©om, = constant x %Ym(xz,x:&)y (2.135)
while for parity (—)“! we have
, 0
G, = constant X €, —Y,, (22, x3). (2.136)

2 axzx

Here the labels p and v run over the values 2 and 3, and the object €, has
the values €3 = €3 = 0, €5 = — =15 and €2 = sinz?. For tensors we have, for

" sinaz?
parity (—)",
Yy = constant X Y., (2.137)
Gompy = constant X v, Yo, (2.138)

where vy = 1, Y23 = Y3 = 0 and 33 = sin® 22, and, for parity (—)**!,

1
Xempw = iconstant X [el’\ﬂpgmm + Gﬁwgm)\'u]. (2.139)

Anyone of these terms can be multiplied by an arbitrary function of r and
t, without changing its trasformation properties under a rotation. The trace
of Ypmuw has the value ¢" vy, = —0(0 + 1)Yi,(60,7) x constant. From

3Regge labels ¢ as angular momentum because in fact he is applying the quantum me-
chanic formalism to a classical problem. In reality, £ labels the multipole of the expansion,
like what has been explained in Sec. 2.3.3
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the results from above, it follows that the most general perturbation with
parity (=)™ is of the form of Eq. (12) of Ref. [57], while the (—)¢ one is
of the form of Eq. (13) of the same Ref. Since these expressions are too
complicated, one can reduce them to a more suitable form choosing a suit-
able gauge transformation. Following the mathematical analogies between
covariant electromagnetism and GR, one can define the Regge-Wheeler gauge
transformation

h:w = h;w + gu;u + ﬁy;u, (2.140)

which is very similar to the well-known gauge transformation for the elec-
tromagnetic field. The gauge vector £ is chosen in order to simplify each
wave consistently with the properties of the spherical harmonics previously
discussed. The results are, for the odd parity wave of total “angular momen-
tum” ¢ and projection m = 0*,

0 0 0 hy(r)

odd __ 0 0 0 hl(r) - . 2

hy = 0 0 0 o x exp(—ikt) sm&ae Py(cosh), (2.141)
Sym Sym 0 0

while, for the even-parity wave

Ho (1—24) H, 0 0
even H H 1 - w ! O 0 .
howr = 01 2 ( 0 ) 2 0 xexp(—ikt)Py(cosf),
Sym Sym 0 7r’Ksinf

(2.142)

where Py(cosf) are the Legendre polynomials of grade ¢; Hy, Hy, Hy and K
some ¢ and r-dependent arbitrary gauge functions; k = % the propagation
constant of the perturbation with frequency w. Let’s now substitute (2.141)
and (2.142) in Einstein’s equations R, = 0. For Ro3 = 0 and Ry3 = 0°,

— (1—2M)hq
- r

eliminating hg, defining ) and choosing the “tortoise coordinates”

4Since we are working in the vacuum case, m can be fixed to 0 in order to eliminate
the angular component ¢ from the equations. Once the wave equation in the vacuum will
. (even/odd)
be obtained, a source term S,
case, a posteriori one has m # 0.

5The equation resulting from Rg3 = 0 is a combination of the first two.

can be put in the right part of the equation. In this
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re =1+ 2M log (ﬁ — 1), one gets

d*Q

a2 + Vet 0ad (1)@ = 0, (2.143)
or, in the time domain,

(O + Voaa(r)) Woda = 0, (2.144)

with O = 97 — 97 and Voaa(r) = [—MT—JQI) + 67,—@4} (1 —22). This is known
as the Regge-Wheeler equation. The even parity one, known as the Zerilli

equation [58], has generically the same form,
(O + Veven(7)) Yeven = 0, (2.145)

but the potential is different: Viyen(r) = (I_EM ) 2’\2(’\Hwt%ﬁﬁj%f’\]w%ﬂsmg ,

with A = 1(¢ — 1)(¢ + 2). The Zerilli and Regge-Wheeler equations each de-
scribe one of the two degrees of freedom of linearized gravity propagating in
a (non-rotating) BH background. With minor modifications they also de-
scribe electromagnetic and scalar fields. The derivations we followed were in
the Regge-Wheeler gauge (2.140), but the quantities of interest, the U’s, are
gauge invariant quantities that can be expressed in terms of the metric per-
turbations in any gauge. It is worthwhile mentioning that approaches that
are “manifestly gauge invariant” to these equations can be constructed [78].

Let’s now consider for illustrative purposes the Green’s function solution for
the Regge-Wheeler-Zerilli (RWZ) equation (Weven/odd = V),

U(z,t) = /dy[G(a:,y;t)\if(y,O) + G(;E,y,t)\l’(y,O)], (2.146)

where G(x,y;t) is the Green function of the time-domain RWZ equation. It
can be obtained via Fourier transform from the frequency domain Green’s
function, which is easier to obtain,

G(:v,y;t):/ dtG(x, y; t)e™". (2.147)
0

One way of obtaining the frequency-domain Green’s function is by contruct-
ing two independent solutions f(w,x) and g(w,y) to the homogeneous equa-
tion, one of them satisfying the left boundary condition and the other one
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the right boundary condition, multiplying and dividing by the Wronskian,

f(w,z)g(w,y)
. Hwn)glwy) o
Glz,y;t) = 9 Y (2.148)

foygwe)

Witg Y=
where W (f,g9) = f'g — ¢'f. To construct the time-domain Green’s function
we use the inverse Fourier transform, which for ¢ > 0 requires following a
contour encircling the lower half of the complex w plane. Examining the
singularity structure of the Green’s function in that domain we can see that

1. The Green’s function will have poles wherever the Wronskian vanishes.
At these points, f and g are linearly dependent, meaning that one is
finding a solution that satisfies outgoing boundary conditions at both
the horizon and at infinity. Such solutions are the quasinormal modes
(QNMs)of the system and have complex frequency with negative imag-
inary part. There is generally an infinite collection of such periodic
solutions, and the “most general solution” can be expressed as a super-
position of QNMs

U => A, (2.149)
n=1

where A, is an unknown complex amplitude (or real amplitude and
a phase constant), w, the complex frequency labeled by the tones n
(n = 0 is the fundamental one and for n > 1 we have an infinite num-
ber of overtones) emitted by a BH when perturbed by a test-particle
falling inside it (i.e. after the plunge phase). Physically speaking, after
crossing the light-ring the QNMs are excited (see Fig. 2.1), and the
BH “sounds like a bell”. This is the reason why the last phase of a
binary BH collision (i.e. after the plunge and the merger) is called the
“ringdown” phase. At this point, the inspiral-merger-ringdown process
illustrated in Fig. 1.1 is more clear. Finally, it is important to stress
that one can do a ringdown analysis fitting appropriately Eq. (2.149)
to numerical and/or experimental data.

2. If the potential is of compact support in x, one can impose the outgoing
boundary condition immediately outside the domain of the potential.
One can then integrate the differential equation for a finite amount
of x range to obtain f and g. Therefore, these two functions cannot
have singularities. This is also true if the potential decays fast with
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x. If the potential has a slower than exponential tail, f and g will
have singularities in the complex plane. These singularities have the
form of a branch cut along the negative imaginary w axis. When these
singularities reach w=0, they produce the power-law tails examined in
Sec. 2.4.1. As the PN/MPM formalism, perturbation theory tells to
us that tails are induced by the non-linearity of spacetime (roughly
speaking, GWs meet a potential wall and then backscatter).

P=-= r=( e

Figure 2.1: Plot of the Zerilli potential for a fixed multipole ¢ in function of
the tortoise coordinates ry. At the peak located in r, = 0, which corresponds
to the value 3M, the test-particle falling radially into the BH will begin to
excite the QNMs of the BH. The peak is located at the light-ring (i.e. at
the innermost unstable circular photon orbit) of the Schwarzschild BH . The
“ringdown” phase can be viewed as waves bounching around the potential wall
of the Zerilli potential, like indicated by the arrows in the figure.

2.5.2 Perturbations of rotating black holes

The analogue of RWZ equations 2.144 and 2.145 for a Kerr BH, which is the
most interesting case for experimental studies, was deduced by Teukolsky in
1973 [59]. In order to obtain a perturbative equation like the RWZ one, doing
a spherical-harmonics expansion like in the nonspinning case is impossible,
since the Kerr metric does not have spherical symmetry. The solution of
the problem was to use the Newman-Penrose (NP) formalism in order to get
a separable wave equation for a Kerr BH [59]. We will not overview here
the derivation of Teukolsky’s master equation because it is strictly related
to the use of the NP formalism (which is, roughly speaking, spinor calculus
applied to GR), which is beyond the purposes of this thesis. Following the
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computations of Ref. [59] one can derive
(r? + a?)? B 0% 4Mar 0*) a’ 1 0%
{ @il G+ =4 RIRL, merl b )

s 0 ot 1 o\  [alr—M)  icos@] 0y
8 (A > Siﬂ@@@(meaﬁ) 28{ A +sin20 00)

o 2 _
— [ A —r—zacos@}a—l—(s cot” 0 — s)p = 4T

Here s is the “spin weight” of the field. It is equal to O for a test scalar field;
to £1 for a test electromagnetic field; to £2 for a gravitational perturbation,
which is the case of our interest.

Eq. (2.150) is considerably more involved to handle than the nonspin-
ning (2.144) and (2.145) ones. To begin with, let’s consider first the vacuum
case (T' = 0). The master equation can be separated by writing

Y — e ™S (0)R(r). (2.151)

The equations for R and S are

K2 — 2is(r — M)K
A-s 4 (Asﬂﬂ) n ( islr = MKy — A) R=0 (2.152)

dr dr A

and

1 d dS

——— | sinf— 2.1

sin 0 df (5”1 d@) (2.153)
5 5 o m? 2mscosf o,

+ | a*w”cos” 0 — —5— — 2awscos) — ——— —s"cot"f + s+ A)S =0,

sin sin“ 6

where K = (r? +a®)w —am and A = A+ a?w? — 2amw. Eq. (2.153), together
with boundary conditions of regularity at # = 0 and 7, constitutes a Sturm-
Liuville eigenvalue problem for the separation constant A =, Ay, (aw). For
fixed s, m and aw, we label the eigenvalues by ¢. The smallest eigenvalue has
¢ = maz(|m|,|s|). From Sturm-Liuville theory, the eigenfunctions ¢S, are
complete and orthogonal on 0 < # < 7 for each m, s and aw. When s = 0,
the eigenfunctions are the spheroidal wave functions Sy, (—a*w?, cos ) [79].
When aw = 0, the eigenfunctions are the spin-weighted spherical harmonics
$Yem =5 Sim(0)e™? and A = ({ — s)({ + s+ 1) [80]. In the general case,
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the eigenfunctions are “spin-weighted spheroidal harmonics”, which are dif-
ferent from the more common spherical harmonics used in the nonspinning
approach, because they contain implicitily the spin-information of the phys-
ical system.

When the sources are present (7' # 0), we can use the eigenfunctions of
Eq. (2.153) to separate Eq. (2.150) by expanding

47T = / dwepm (1) sSem (0)e ™", (2.154)

= / Qb (1) Som (B (2.155)

Then )y, satisfies Eq. (2.152) with €, (7) as source term on the right-hand
side. So the full master equation is separable only in the frequency demain.
If one is interested to compute the energy flux carried off by outgoing GWs,
the process, as outlined in Ref. [62], is the following. The radial functions
tem(r) then satisfy a second order ordinary differential equation

DYy (1) = 47 Tp(1). (2.156)

In the case of a spinning particle on a circular orbit around a Schwarzschild
black hole, the source term here takes the schematic form

Tom =Ao0(r —1p) + A1 (r — 1) + A8 (r — 1)
+ A38" (r —1p). (2.157)
If we have a pair of homogeneous solutions satisfying retarded boundary

conditions at the horizon and at infinity, R, and R/ respectively, then the
general solution to this equation is given by

Ve (r) = Cpp R (1) + Cpp R (1), (2.158)

where

1
Cr = W / R} Ty A~ 2dr

Im

= BORZFmOaP) + BlRZFm/OaP) + B2R$ //(Tp)

m

+ BsRE."(r,). (2.159)

The B; = B(rp,0) are determined by completing the integral, W is the
invariant Wronskian of the two solutions and A = r(r — 2M). Normalizing
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the homogeneous solutions so that R, ~ r2¢“" as r — oo, the energy flux
emitted at radial infinity is given simply by

dEoo |C+ |2
— =S F,=) S 2.160
dt Z; ¢ ; 4mm?2)2 ( )

where €2 is the orbital frequency given in Eq. (9.4).

2.6 Numerical Methods

2.6.1 Numerical Relativity (NR) simulations for Bi-
nary Black Holes

In this subsection, following Sec. 9 of Ref. [81], we will overview the recipe
that enabled Frans Pretorius [27] to simulate successfully in 2005 the last
plunging orbit, leading to merger and ringdown, of a BBH, and to extract
the corresponding waveform.

Of particular importance for the mathematical development of NR was Ref. [82],
in which Choquet-Bruhat proved the existence of local-in-time solutions
to the harmonic-coordinates-reduced Einstein’s equations, and from here
showed how to construct solutions of the full field equations (11) i) by solving,
on an initial Cauchy hypersurface, the harmonic coordinates version of the
constraints of Einstein’s equations; ii) by proving that these constraints ho-
mogeneously propagate off the initial Cauchy hypersurface. More precisely,
the harmonic-coordinates condition used in Ref. [82] was of the form

¥ =0, (2.161)

where C’ﬁo) = —g,/0x", with Oz# = \/Lgay(ﬁg”"@nx“). Then the harmonic-
coordinates-reduced Einstein equations for the evolution of g, read

1, - " 1

§gn Guvmo + gzugy)g;n + 17,10, = —8n (Tw/ — §gWT) : (2.162)

The diagonal-hyperbolic nature of the second-derivative term %g””gw,mg al-
lowed Foures-Bruhat to prove the existence of local-in-time solutions of Egs. (2.162).
To get then the solutions of Egs. (11), one further needs to show how to sat-

isfy, in addition, the conditions (2.161) everywhere in spacetime. This leads

to the wave equation
DCéf)) = —R;CY,. (2.163)
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The latter propagation equation for the constraints is homogeneous. There-
fore, if C,SO), and their time-derivatives, vanish on some initial time Cauchy
hypersurface ¢t = 2° = 0, they will continue to vanish for all times [82].

The system obtained from writing Einstein equations in harmonic coordi-
nates, i.e. Eqgs. (2.162), besides its mathematical consistency, is not nu-
merically satisfactory, since the original harmonic coordiante conditions can
sometimes develop “coordinate patologies” of their own. An in-principle
remedy for avoiding such patologies was advocated by Garfinkle [83] and,
earlier, by Friedrich [84], but with a different motivation. It consists in
generalizing the harmonic-coordinates condition Ox* = 0 to a generalized
form Oz* = H"(z), where the H*(x) are some suitable “source functions”.
One must then either specify the H*(z)’s as explicit functions of the four
spacetime coordinates, or give dynamical equations determining their evolu-
tion (and helping in avoiding coordinate patologies). Besides that, a second
modification of the standard harmonic-coordinate approach was introduced
in 2005 in order to simulate with success the BBH coalescence [27]. This
additional modification was requested because the numerical evolution of
Einstein’s equations in generalized harmonic coordinates was generally nu-
merically unstable. When using Friedrich-Garfinkle ’s generalized harmonic
coordinates the constraints (2.161) are replaced by

C,=gu(H"—0z")=0. (2.164)

Pretorius’ additional modification [27] consists in adding extra terms propor-
tional to the constraints C), in Einstein’s equations (2.162):

1 g g ag ag
5977 Guvine + g?;,ug'/)ff??? + Huoy — Ho1'), + FZUFW?

1 1
+ K(nECy — §gm,n°(]g) = —8r (Tm, — §gWT) : (2.165)

Here n* = g"n, denotes the unit timelike vector normal to the ¢ = constant
hypersurfaces, and x denotes an adjustable parameter. If the metric is
evolved using (2.165), the constraints C* = g C,, will satisfy

OC* = —RCY + 26V,nCW, (2.166)

which generalizes Eq. (2.163). When £ > 0, the extra x-dependent terms
in (2.166) tend to damp the evolution of the constraints C*®. For this rea-

6This means that they tend to make them tend exponentially towards zero when evolv-
ing them in the future of the initial Cauchy hypersurface.
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son, the extra-terms proportional to kC), are called constraint damping terms.
It is important to stress that this idea, that was the key for the success of
Pretorius’s BBH IMR simulation, was already surfaced in Refs. [85] and [86].
The landmark paper [27] had a huge impact in NR waveform development,
but some groups, like the authors of Refs. [87] and [88], did not use the same
mix of methods of Ref. [27], but Brugmann [89]’s trick to represent BHs as
“punctures” of the spacetime to move across the numerical grid, without
the need of the BH horizon-excision method used by Pretorius. They also
used a different formulation of Egs. (11) going under the name of BSSN, for
Baumgarte-Shapiro-Shibata-Nakamura.

On the other hand, the Caltech-Cornell group, the main provider of accurate
BBH waveforms for LIGO, did use a mix of methods comparable to Preto-
rius’ one, with generalized harmonic coordinates, excision and a constraint
damping method similar to the one used in Ref. [27]. The Caltech-Cornell
Spectral code (SPEC) was constructed in a sequence of works, and notably

in Refs. [90], [91] and [92].

2.6.2 Numerical resolution of Teukolsky’s equation: time
domain (TD) approach

For the purposes of this thesis, i.e. for the analytical work done in Chapter 9,
two codes where employed to solve Eq. 2.150, a time-domain (TD) one and
a frequency domain (FD) one. In Chapter 8, where we do almost the same
resummation work of Chapter 9, but in the nonspinning test-particle case, we
use numerical Teukolsky waveforms provided directly by Hughes [93], which
has used its own time-domain code. These kind of resolution methods are
very similar; therefore, for simplicity, here we give an overview of the “most
common” TD approach, leaving the details about an FD code in Chapter. 9.
For a more complete treatment of Hughes’ code, the reader should refer to
Ref [93] and references therein.

Firstly, we observe that Eq. (2.150) is separable in the frequency domain.
The first numerical computation of gravitational perturbations of Kerr space-
time in the time domain is by Krivan et al. in 1997 [94]. They use Boyer-
Lindquist coordinates and solve Eq. (2.150) as a fully first-order system in
2+1 dimensions after a decomposition into azimuthal angular modes. The
system is discretized using a second-order convergent Lax-Wendroff scheme
which has favorable dissipative properties for numerical stability. The com-
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putational boundaries are placed at finite radii and close to the horizon us-
ing a tortoise transformation of the radial coordinate. The errors from the
boundaries are mitigated by using a large computational domain.

In Ref. [60], a better approach to this problem is discovered (i.e. the Teukode
in its first incarnation is born). The idea is to use a spacelike foliation that
penetrates the horizon in a regular way and asymptotically approaches null
infinity so that one can compute both the ingoing and the outgoing radi-
ation. This technique removes the two largest systematic uncertainties of
Krivan’s method (and of any other based only on Boyer-Lindquist coordi-
nates), namely (i) the inner and outer numerical boundary errors, and (ii)
finite-radius-extraction (and/or interpolation) errors. On the computational
side, this approach is efficient because the computational domain is much
smaller than the one needed in standard Boyer-Lindquist tortoise coordi-
nates. In Ref. [61] a new foliation of Kerr spacetime which leads to more
efficient numerical computations than [60] is introduced (in this paper an
upgraded Teukode is presented). A general framework for the construction
of explicit, hyperboloidal coordinates with scri-fixing (i.e. fixing the spa-
tial coordinate location of null infinity) for stationary, weakly asymptotically
flat spacetimes (including BH spacetimes) was presented in Ref. [95]. The
transformation from standard coordinates {¢,r} to hyperboloidal coordinates
{t,7} can be written as

t =1+ h(r),
T

r= (2.167)

Qr)’
where h(7) is the height function and the explicitly prescribed €(7) acts both
as a radial compactification and a conformal factor. Asymptotic conditions
derived in Ref. [95] make sure that the resulting metric is regular.

The steps to build the latest Teukode version are the following:

1. One chooses as hyperboloidal coordinates (2.167) the “HH”” coordi-
nates {7, p}, which are constructed from the metric in Boyer-Lindquist
coordinates by imposing the ingoing coordinates boundary’, and de-
manding invariance of the coordinate expression for outgoing charac-
teristics in spatially compactifying coordinates [96]. This requirement

"The ingoing (iK) Kerr coordinates {t, 7,6, ¢} are obtained through the transformation
dt = dt + MA“dr, dp = d¢ + Xdr.




is given by
t—(r+4Mlogr) =1 — (p+4Mlog p). (2.168)

For any choice of spatial compactification through p, the above require-
ment determines the foliation. Then one chooses the simplest conformal
factor with a variable scri location S and set

h(p) zé—p—élMlogQ

Qp)=1— %. (2.169)

The event horizon p. is located at

B a’S + MS? + /M254 — q254
N a2+ 2MS + S2 '

0o (2.170)

The HH coordinates with a specific choice of S are denoted HHg
coordinates. For computational purposes, the most efficient value of S
is S =10 [61].

. Since GWs propagate along null geodesics and their structure in the
Kerr spacetime is rather complicated, they are approximated by Schwarzschild
null geodesics. The retarded and advanced time coordinates in Schwarzschild
spacetime, v and v, are defined by u =t — r, and v = t + r,, where

ry is the tortoise coordinate defined in Sec. 2.5.1. These coordinates

in Kerr spacetime are used to connect the particle’s dynamics with the
measured gravitational radiation. This approximation agrees with the
general practice in NR, where null geodesics in a binary BH spacetime

are approximated by their Schwarzschild counterparts for extrapola-
tiong gravitational waveforms [97]. For the retarded coordinate one
gets

Sp+2Mp—2MS
S

u(r, p) = 17—p—4M log ( ) +2M log(2M), (2.171)

and for the advanced coordinate

v(r,p) =7+ pg—jﬁ —4M log (%) —2Mlog(2M). (2.172)
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3. One substituses the formulas (2.167) in the master equation (2.150),
rescaling suitably the unknown variable for regularity of the coefficients
at the horizon and at null infinity [61]. Eq. (2.150) is then transformed
in 2+1 form separating each Fourier m-mode in the azimuthal direction.
The resulting equation has the general form

CTTafTw_FCTpanw—i_Oppapp¢+060899¢+078‘rw_I_COaGw—i_Cpapw_‘_Oﬂw = Ssa
(2.173)
with coefficients C(p,0;m,s) depending on the background coordi-
nates, the spin weight s, and the azimuthal mode-index m. The in-
dex m in the variable v, has been suppressed for brevity. The source
term S, depends on the spin-weight s, the background metric, and the
stress-energy tensor 7, of the matter perturbation. The method to
compute it in the time domain, which is different from the one in the
frequency domain that we presented in Sec. 2.5.2, is illustred in Sec 3.2
of Ref. [61].
In the time domain, the GW strain h = hy — ihy (where the polar-
izations hy and hy are defined in Eqs (2.93) and (2.94)) is found by
integrating the asymptotic relation

h = 2y (2.174)

for each m-mode. The integration gives rh,,(u, f) along scri. One can
also compute the (spin weighted with s = —2) multipoles rhy,,(u),
defined through Eq. (2.99)

(0 +2)!
rh = Thom—oYem (0 m—2Ym(0,0), (2.175
Z:;m e o Z;m f - 2 é o ( ¢) ( )

by mode-projecting 7h,,(u, ) in the O-direction. The complex quanti-
ties Wy, = Weven 4 Wodd in Eq. (2.175) are the RWZ variables of Eqs
(2.144) and (2.145). The energy flux at scri is given by

) 1 . 1 1 )
E=— [ dQ|rh* = — d€|rh,|? 2.176
o7 0 = g 3 [ bt @7

where £ = cosf and the mode decomposition of hqexpress the flux in
terms of the 2+1 fields. The angular momentum J = (J,, Jy, J;) flux
is given by

Ji = —16%3@{@ dQ(rh)*ji(rh)}, (2.177)
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where J; are the spin 2 quantum mechanical operators, in particular
J. = O0g. For equatorial orbits J, = J, = 0, so the relevant quantity is

J, = ﬁ]m{;m/j dg(rhm)*(mm)}. (2.178)

At the horizon one must follow the Hawking-Hartle method [98], like in
the frequency domain case, to obtain the variation of the horizon mass

and, if desidered, of the horizon angular momentum (see Eqs (37) and
(38) of Ref. [61]).

4. Finally, for numerical integration Eq. (2.173) is written as a first-order

in time, and second order in space system with reduction variables
u = {1, 0:1}. The domain (z,0) € [z, xg] X (0,7), where x is the ra-
dial coordinate and x, (xg) is the location of the horizon (null infinity),
is uniformly discretized with N, x Ny points. The spatial derivatives
are represented by finite differences up to eighth order of accuracy. The
stencils in the radial direction are centered in the bulk of the domain
and lopsided/sided at the boundaries. The angular grid is staggered
and ghost points are employed to implement the boundary conditions
on the axis. The ghost points are filled according to the parity condi-
tion m = (—1)™*s.
A standard fourth order Runge-Kutta integrator is employed for time
advancing the solution. The time step is chosen according to a Courant-
Friedrichs-Lewy (CFL) condition of type At = Coppmin(hy, hg), where
h, is the grid spacing in direction x and the factor C'cpy, accounts for
the maximum coordinate speed of the PDE system. The angular inte-
grals for [-mode projections are computed with the Simpson rule, while
integrals in time with the trapezoidal rule. The d-functions appearing
in the stress-energy tensor are discretized for simulating a source that
is effectively not moving on the computational domain. In cases like
inspiral-plunge the §-functions are used in their gaussian representation
(See Sec. 4.3 of Ref. [61]).

2.7 Post-Newtonian approximants

We firstly remark that this is not a direct approximation method for GR,
but, instead, it is an approximation method for the PN series itself, that
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has a rough and practical use in GW data analysis (see Subsec. 1.5.3). In
fact, we have not considered it in the preamble of this chapter, but since it
is fundamental in the papers presented in Chapters 6 and 7 of this thesis, we
will give here a complete overview of the topic, following Ref. [99].

Given PN expansions of the motion and gravitational radiation from a small
binary system with M < 4M,, one needs to compute an accurate mathemat-
ical model for the evolution of the GW phase ¢“" = pl[t; \;], involving the set
of parameters {\;} carrying information about the emitting binary system.
In the adiabatic approximation the phasing formula is easily derived from
the energy and flux functions. Indeed, the standard energy-balance equa-

tion % = —F gives the following parametric representation of the phasing
formula:

()

tV) = toor + M d : 2.179

R (2.179)
()

= Gpor + 2 dv v3 , 2.180

o) = drg+2 [ vt (2.180)

where t,.; and ¢,.; are integration constants and v,.y an arbitrary reference
velocity. From the view point of computational purposes it is more efficient
to work with the following pair of coupled, non-linear, ordinary differential
equations (ODE’s) that are equivalent to the above parametric formulas:

dp 203

- __ — 1

i~ Y (2.181)
dv F(v)
— + ——=0. 2.182
i T e (2.182)

The energy and flux n'* order PN Taylor approximants are denoted by Er.
and Fr,, and defined by

Er, = Ex(2) ) Ei(v)", (2.183)
k=0
Fr, = Fn(x) [Z Fewn* +) " Li(v)log (3) vk] : (2.184)
k=0 k=6 Yo
where Ey(z) = —3vz and Fy(z) = 222" are the Newtonian-order pref-

mima2

actors, v = "32 is the symmetric mass ratio of the binary with total mass
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M = mq+msy. The problem is to construct a sequence of approximate wave-
forms hA(t; \y), starting from the PN expansions of F(v) and F(v). There
are at least three ways of doing that:

1. Taylor T1: One can retain the rational polynomial % T" and integrate

the two ODE’s numerically. The phase formula so obtamed is then
denoted by (b(Tln) (t):

de® 203
- =0 2.185
v Fr.v) _, (2.186)

dt ~ MEj; (v)
Fr, .
B Appearing
in the phasing formula and truncate it at order v", in which case the
integrals (2.179) and (2.180) can be worked out analytically, to obtain
a parametric representation of the phasing formula in terms of polyno-
mial expressions in the auxiliary variable v

2. Taylor T2: One can re-expand the rational function

(bg?,j( ) - ref + (bv Z¢ (2187)
2 (v) = tﬁi}+t7v(v)Z£zvk, (2.188)

where the subscript v in the coefficients indicates that v is the expansion
parameter.

3. Taylor T3: Finally, the second of the polynomials in the Taylor T2
equations can be inverted and the resulting polynomial for v in terms
of t can be substituted in ¢ (v) to arrive at an explicit time-domain
phasing formula

O = oy + o Y Bho" (2.189)
k=0
D) = FL >R (2.190)

1178
where 6§ = [ (E;\’;) t)] and F' = er‘f;t = 7;)—;\)’4 is the instantaneous GW

frequency.
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The coefficients of these expansions are obviously determinated by substitut-
ing the PN energy and the flux at a certain PN order in the formal expressions
and doing the respective computations.

Stationary Phase Approximation and Taylor F2

The most commonly used Taylor approximant is the Fourier representation
computed using the stationary phase approzimation (SPA) for chirp signals.
Let’s consider a signal of the form

h(t) = 2a(t) cos d(t) = a(t)[e ) + 0], (2.191)

where ¢(t) is the implicit solution of one of the phasing formulas of the above
Taylor approximants. The quantity 27 F(t) = %Sf) defines the instantaneous
GW frequency F'(t), and is assumed to be continuously increasing (F'(t) > 0).

Now the Fourier transform of h(t) is defined by

o0

h(f) = /_OO dte®™ I h(t) = /_ a(t)[e*™ =90 4 2rftte(d] (2.192)

[e.9] (e 9]

For positive frequencies only the first term on the right contributes and yields
the following usual SPA:

~ t . ™
RUsPa(f) = alty) eles(tr)=31 (2.193)

VE

where ¢f(t) = 2nft — ¢(t) and t; is the saddle point defined by solving for

t the condition d%p = 0, i.e. the time ¢; when the GW frequency F(¢)

becomes equal to the Fourier variable f. Eq. (2.179) yields for ¢ the value

el B (v)
tr =t + M d , 2.194
! st /v f U F ) ( )

where vy = (M f)Y/3. Using the above equation and ¢(t;) in eq. (2.196)
one finds that

Uref
Urlts) =2 ftreg = s +2 [ (0 =0 2. (2.195)
vf
The computational advantage of Eq. (2.195) is that in the frequency domain
there are no equations to solve iteratively; the Fourier amplitudes are given
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as explicit functions of frequency. The Taylor F2 method consist in using
PN expansions of the energy and flux, but re-expanding the ratio ];T(;))) in Eq.

(2.195) in which case the integral can be solved explicitly. This leads to the
following Taylor-like, Fourier domain phasing formula:

5
Vpltr) = 27 flreg — Grep + 7 Y F(mM )P/, (2.196)
k=0

3

where 7y is the Newtonian prefactor 7y = o8



Chapter 3

Tidal properties of Neutron
Stars

3.1 Tidal responses of a Neutron Star

3.1.1 Newtonian Tidal Force

When a very big object undergoes the gravitational force from another body,
this force may significantly vary on its surface. Therefore, the form of the
object is deformed without any volume variation. If we suppose that the
giant body is spherical, tidal forces will stress it into an ellipsoid, with the
major axis aligned to the object that produces the force of gravity.

Tidal laws follow the Tig rule. Let’s consider two bodies in orbit around
each other. It is possible to approximate tidal force to a Newtonian level by

differentiating Newton’s law of gravity with respect to the distance:

B 2GMm

r3

dF dr <, (3.1)
where M is the mass of the principal body, m the mass of the orbiting body
and r the radius of the orbit.

In this case the tidal forces will be 2dF" to the axis that binds the two center
of mass of the bodies, and since the sign is positive, they will be directed to
the external part of the body; on the contrary, on the plane perpendicular
to the binding axis, the force is internal, and defined as —dF'.

In General Relativity, the exact tidal force in each point of a body’s surface
is described by Weyl’s tensor, which is obtained by subtracting the trace to

63
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Riemann’s tensor (7):

1 1 1 1
Cuvpe = Ruvpo — §Rupgw + §legw) + §RVPg/Mf - §ngup
1
+ ER(gupgua - g,uagup)- (32)

This tensor, which describes the tidal deformation of a body without volume
variations, vanishes when contracted with a pair of indexes (up) or (vo).
Using the antisymmetric tensor notation Ay, = (A, — A,,), we can write
Weyl’s tensor in a more compact form:

1

BRgu[pga]u- (33)

Chvpe = Ryuvpo — Rufpgoiv + RujpGolu +

3.1.2 Gravitomagnetism

The term “gravitomagnetism” [100, 101](GM) commonly indicates the col-
lection of those gravitational phenomena regarding orbiting test particles,
precessing gyroscopes, moving clocks and atoms and propagating electromag-
netic waves [102, 103] which, in the framework of GR, arise from non-static
distributions of matter and energy.

Let’s consider, in the weak-field and slow motion approximation, the “match-
ing” multi-chart approach developed by Damour, Soffel and Xu [104, 105,
106, 107] in the nineties. Here the motion and radiation of a compact body
is splitted into an inner problem, where the worldine £4* is “skeletonized”,
and into an outer problem, where we have a worldtube 74 C V, that wraps
L4 (V4 is the atlas where all the considered bodies move). The two problems
are then matched after a multipolar expansion. The local system of coordi-
nates, that is bound to the bodies, is defined as a chart X9 : 74 — R. In
short, in the outer problem one solves field equations in which the worldlines
are provided with some global characteristics such as mass, spins and higher
multipole moments, while in the inner problem one obtains the near-wordline
behavior of the outer solution from a study of the influence of the other bod-
ies on the structure of the fields in an inner world tube around each body.
The resulting metric parametrization for the local chart at 1PN, using the

IThe index A refers to the number of bodies that we are considering. If we are interested
in a binary system, then A = 2.
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DSX notation where T'= X9 /c, is the following:

2W4
Gip(X) = —exp (— . ) : (3.4)
G (%) = Wi, (35)
4
EAX) = 0,WA + gaTW;;‘, (3.6)
By (X) = €apcOh(—4W ), (3.7)

where a,b,c = 1,2,3. The gauge-invariant fields £/, B and W satisfy the
familiar equations?

V- -B=0, (3.8)
VX E— —C%GTB, (3.9)
V- E= —%G%WJrO (é) (3.10)
V><B=48TE+O<C—12>. (3.11)

We can naturally define the vector B as the gravitomagnetic field, and the
vector F as the gravitoelectric field. The metric potential W, = (W, W;) is re-
lated to the gravitational quadripotential A, by the relation A4, = (Ao, 4;) =
(cW, —4W;). Defining A(X) as an arbitrary function, this potential has the
same gauge invariance of its electromagnetic analogue:

1

W =W~ A (3.12)
1

W) = Wi + S0, (3.13)

The gravitational force density will be defined as analogue of electromag-
netism’s Lorentz force,

1
F=YE+ % x B, (3.14)
C

2Gravitomagnetic Maxwell’s equations are defined as Egs. (3.8),(3.9), (3.10) and (3.11)
at 1PN order, in the flat spacetime. This means that the curvature effects typical of GR
are contained in the corrections O (c%) and O (C%)
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where the quadrivector X, is related to the stress-energy tensor by

TOU Tbb
S(T, X) = C—J; (3.15)
and
TOa
T, X) = . (3.16)

Looking at the equation (3.14), we can say that the tidal force is split into
two compenents, a gravitomagnetic one, proportional to the current den-
sity (3.16), and a gravitoelectric one, proportional to charge density (3.15)3.
In the case of a multipolar expansion using spherical harmonics (Y;,,), the
even-parity part (¢ +m = even) is related to the mass/charge, so it can be
defined as “electric”, while the odd parity part (¢ + m = odd), is related
to the angular momentum/current, so it can be defined as “magnetic”. In
Ref. [6], we compare the effects of gravitomagnetic and gravitoelectric tides
using the EOB formalism and we find, like what was previously hinted in
Ref. [108], that they are ~ O(1072) orders of magnitude negligible for data
analysis purposes (see Fig. 2 there).

3.1.3 Love Numbers theory

Having in mind Egs. (3.4), (3.5), (3.6) and (3.7), following Ref. [108] one
defines, in the local frame of each body A, two sets of gravitoelectric and
gravitomagnetic relativistic tidal moments, G4 and H#, as

GMNT) = [a@_lEgjxt*gen(T, X)) xes0, (3.17)

HANT) = [0 By 5 (T, X)]xe 0, (3.18)
where EAext=gen and BAext=gen denote the externally-generated parts of the
local gravitoelectric and gravitomagnetic fields E4 and B#, while the angu-
lar brakets on the indexes refer to the STF notation that we have introduced
in Sec. 2.3.3. The formal limit X® — 0 refers to the “skeletonized”* match-
ing performed in the outer problem [104]. The multipole moments of the
inner zone, that are internally generated, are the symmetric traceless free

3T s the trace of the spatial part of TH.
41X 24 — 0 can be visualized as the limit in which the world tube is large with respect

to the radius of the body A.
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(STF) tensors M(T) (mass moments) and S7(T) (spin moments). They
asymptotically decrease as R = |X| — oo, and in the stationary case they
are related with the internally-generated metric potentials by the multipolar
expansions

e A
Wint—gen,A(X) _ GZ %(‘)L (%) , (3.19)

Wint—gen,A(X) — GZ L(__)ZE b 8bL—1 Sﬁ,_l _ 18 (AA o )\) (320)
@ AR N 47" ’

R

where A% — )\ is a gauge transformation®. Substantially, the matching between
the outer (Egs. (3.17) and (3.18)) and the inner problem (Egs. (3.19) and
(3.20)) leads to the following equations:

Mj' = Gy, (3.21)

A_ _ApA
Sy =0, Hp .

Here we have defined two tidal-polarizability coefficients p, (gravitoelectric,
even parity) and o, (gravitomagnetic, odd parity), as previously done in the
DSX formalism [104]. These coefficients relate the tidal induced multipole
moments M7 and S to the corresponding external tidal fields G4 and H.
More practically, us is the tidal polarizability associated to the quadrupole
moment, and is equivalent to Hinderer’s A coefficient [109, 110], while oy is
the analogue of Favata’s v coefficient [111].

In terms of the finite-size corrections to the leading point-particle effective
action Spointmass = — 24 f Madsy, the two tidal effects parametrized by
e and oy correspond to nonminimal wordline couplings proportional to the
quantities

Spointmass,electric ~ H’? / dSA(G?>2, (323)

Spointmass,magnetic ~ U?/dSA(Hf)Q- (324)

5This transformation can be gauged-away by considering the internal-produced mag-
netic field of the binary.
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These leading quadrupolar corrections can be reproduced (see Refs [112, 104])
as the following nonminimal coupling involving the Weyl tensor (Eq. (3.3)):

Spointmass,electric ~ ,U2/d55a,88a'8, (325)

Spointmass,magnetic ~ UQ/dSBaBBaﬁy (326)

where E.5 = wu’Clap and Bog = ufu” o) with v = dz*/ds and
o = %EWP"Cpmg (i.e. the dual of Eq. (3.3)).

Considering a strongly self-gravitating NS, one wants then to determine y;'
and ;! as functions of the compactness Cy = (fz—]\g) 4+ The starting point
of the process, Egs. (3.21) and (3.22), are the most general coefficients that
can exist in the (parity preserving) case of a nonspinning NS. The tidal prop-
erties of a spinning NS will involve other tidal coefficients, proportional to
the spin, and associated to a mixing between gravitoelectric and gravitomag-
netic effects. They would correspond, for example in the quadrupolar case,
to nonminimal worldline couplings quadratic in the Weyl tensor and linear
in the spin tensor S;j‘l,.

Up to now we have only considered tidal coefficients with a direct dynamical
meaning. For completeness, we stress that there exist also a “shape” Love
number A, that measures the proportionality between the external tidal in-
fluence and the deformation of the geometry of the surface of the considered
NS. It is defined as

(5R Uéﬁsmrb(R)
=) =p,L£ Y .2
( R )e & gR 7 (3.27)

where the L.H.S. of the equation is proportional to the Legendre polynomial
Py(cos®), which represents the fractional deformation of the areal radius
R of the NS. The quantity UMS™™(R) oc R‘Py(cosf) represents the usual,
external, Newtonian tidal potential deforming the star, formally evaluated
at the radius of the star, whereas g = G'M/R? represents the usual Newtonian
surface gravity of the body. For a more complete treatment of the shape Love
number, that is not in the aims of this PhD thesis, the reader should refer
to Refs. [108] and [113].
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3.1.4 Computing i, and oy

Following Ref. [108], let’s consider the metric of an isolated, nonrotating NS,
GAYdX*dX? = —e"Ddt* + N dr? 4 r2dQ?, (3.28)

where the index (0) reminds us that the body is not perturbed. The local
spherical coordinates of the A-body frame are denoted by (¢,7,0, ), with
dQ? = db? + sin® fdyp?®. Introducing the radial dependent mass parameter

m(r) by
A = (1 — QmT(T))l : (3.29)

and considering a perfect fluid energy-momentum tensor
T,uzx = (6 + p)uuuu + yy'mz (330)
the spherically symmetric metric coefficients v(r), m(r) and the pressure p(r)

satisfy the Tolman-Oppenheimer-Volkoff (TOV) equations of stellar equilib-
rium

d
d—T = 42, (3.31)
dp m + 4rrdp
o - 7 3.32
dr (¢ +) r2 —2mr’ (3:32)
dv  2(m+ 47r’p)
_— =, 3.33
dr r? —2mr (3:33)

These equations are integrated from the center outward once that a bar-
itropic EOS relating p to e is provided (see Subsec. 3.1.5 for comparisons
between models of various EOS).

Since the background geometry of the problem is spherical, the metric per-
turbation

GA3(X) = GIP(X) + Hap(X), (3.34)

can be decomposed into spherical harmonics. The metric is expanded in
even-parity and odd-parity tensor harmonics as

Hap = HJ5™ + HY (3.35)
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In the Regge-Wheeler gauge H,, — H,, + .., + &, where ¥ is a gauge
vector, and following standard definitions for the expansion coefficients and
the sign conventions, for the even parity case one obtains

HdXdX? = —[e" Hy™dt® + 2H{"dtdr + Hy" e dr? + r* K™ dQ%| Y.
(3.36)
For what concerns the odd parity case, the nonvanishing components of chﬁ‘d
are H{ = hoeBV Yy, and H°Y = heBV Yy, where (A, B) = (0, ) and
where €§ is the mixed form of the volume form on the sphere S?. The
next step is, considering the adiabatic tides case (i.e. the perturbations are
stationary), to solve Einstein’s Equations (11) together with the perturbed
hydrodynamical equations V*§T,zle, p| = 0, so as to describe a star deformed
by an external tidal field.
The problem to compute gravitomagnetic and gravitoelectric Love numbers
is different for the even and the odd parity perturbations. Let’s consider
them separately.

e Even parity case: The metric perturbations reduce to two functions
H = Hy = H,, and K (with H; = 0). The fluid perturbations are
described by the logarithmic enthalpy function h = dp/(e + p). The
relation, in absence of entropy, with the metric function H is given by
oh = %H . Then the problem to convert the first order radial differential
eqations relating H', K', H and K to a single second order master
equation was solved by Lindblom, Mendell and Ipser [114]:

H" + CH' + CoH = 0. (3.37)

Taking the stationary limit (w — 0) of the results given in Appendix
A of Ref. [114] one obtains the coefficients C; = C(r; v, A\, m,p, e) and
Co = Co(l; v, A\, p, e) , that are given in Egs. (28) and (29) of Ref. [108].
Eq. (3.37) generalizes the quadrupolar Eq. (15) of Ref. [110] to higher
multipolar orders (in fact the coefficient Cj is /-dependent).
The metric variable K can be expressed as a linear combination of H
and H', namely

K =oa1H + ayH, (3.38)

where the coefficients a; and s can be computed by taking the sta-
tionary limit of the results given in Appendix A of Ref. [114].
The electric-type tidal response coefficient uy, defined by Eq. (3.21),
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can be obtained by going through three steps: i) numerically solving
Eq. (3.37) within the NS; ii) analytically solving the same equation in
the exterior of the star; iii) matching the interior and exterior solu-
tions across the star surface, taking into account the definition (3.21)
to normalize the ratio between the two parts of H(r), H&°Vn8 ~
and [ decreasing Iue,r—(é—l—l)_

— i) Eq. (3.37) is numerically integrated, along with TOV equa-
tions (3.31) (3.32) (3.33), from the center ry ~ 107% outwards,
starting with some central values of m, p, v, H and H'. For H,
one obviously takes starting values at H(rg) = r§ and H'(rg) =
¢r§7'. The latter boundary conditions follow from the analysis
of Eq. (3.37) around r = 0, which shows that H(r) ~ r‘ is the
most general regular solution around r» = 0. The internal integra-
tion’s output is the value, for each ¢, of the internal logarithmic

derivative 7
int _r
= 3.39
Yo = (3:9)
at the star’s surface r = R,
ye = y™(R). (3.40)

— ii)The exterior form of Eq. (3.37) with e = p = 0 and m(r) = M
can be rewritten as an associated Legendre equation with ¢ = ¢
and m = 2 [57, 58]

(2 —1)H" +22H' — (f(e +1) + 24 1) H =0, (3.41)

I‘ j—
where x = r/M — 1. The general solution of this equation can be
written as R R

H = CLPPEQ(ZC> + CLQQ@(I), (342)

where the hat indicates that the Legendre functions have been
normalized so that Qp ~ 1/z*! ~ (M/r)" and Py ~ 2t ~
(r/M)* when  — oo or r — oo. The integration constants ag
and ap are determinated by matching to the internal solution.

ext —

Defining a; = ag/ap the exterior logarithmic derivative y** =
rH'/H reads

ext o ]Sé2 (33') + anA%Q(’x)
y[ ([B) - (1 + I) P@(;p) + az@ez(l‘)

. (3.43)
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— iii)When v < oo, it is correct to impose the continuity of H and

H’ at the star’s surface r = R (the incompressible limit v — oo
is singular at that point). This continuity implies the continuity
of the logarithmic derivative rH'/H. This leads to the condition
y*™*(R) = y"™(R) = y, which determines the value of the ratio
ay = ag/ap in terms of the compactness C = M/R of the star

o= — ( Fip(@) = CyeFa(c) ) . (3.44)
z=1/C—-1

Qpp(r) — Cyz@w(ﬂf)

The ratio ay = ag/ap can be related to the tidal coefficient j, by
comparing (modulo an overall factor -2)

. ~ 4
ngowmg(r) = appgg(l'))/gm ~ ap <%> Y'Zma (345)
decreasin A r o\ —(6+1)
H 8(r) = agQu ()Y, ~ ag (M) Yo, (3.46)
respectively to
ext—gen J 1 ~
et = SXIGE = Srint Gy (3.47)

and Eq. (3.19). The radial unit vector from above is defined as
n* = X/r. Since

opr—t = (=)% (20 — DALy D] (3.48)

and My = p,Gp and Gt o Yy, (0, @), we see that

M 20+1 M 20+1
(25—1)!!Gu5_a—Q(G > _ag<G ) . (3.49)

ap \ 2 c?

The dimensions of Gy are [length]**!. By scaling this quantity
by the (2¢ + 1)-th power of the star radius R we have

(20 — 1)[1%

|t = 2ke = a L (3.50)

This is the traditional “Newtonian” way of proceeding, and leads
to the introduction of the dimensionless “second tidal Love num-
ber” ky.
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One can finally write k, as

k@ _ %CQE-&-laE (351)
_ _102“1 {522(33) - Cye]?m(x) ' (3.52)
2 Qpp(®) = CyQe(®) ) _ 0,

The dimensionless Love number has the advantage of having a
weaker sensitivity on the compactness C = GM/c*R. Besides
that, the dimensionless quantity which will most directly enter
the gravitational-wave phase of a BNS is Gu,/(GM/c?)* 1 ~
ag ~ C~4VE,  Using the Legendre polynomial formulas that
are present in common literature one can solve Eq. (3.51) for
2 < ¢ < 4, that are reported in Egs. (50), (51) and (52) of
Ref. [108].

e Odd parity case: The gravitational potential well generated by the
stress-energy tensor of a star does affect the radial propagation of the
external odd-parity tidal fields, and adds an asymptotically decreasing
tidal response to the incoming tidal field. This phenomenon is decribed
by the static limit of Cummingham, Price and Moncrief equation [115,
116]. In the stationary limit this equations reads

6)‘

((C+1) 6m

"
(RS 2 3

- [2m + 4nrd(p — )]y’ — e [

+4w<e—p)] b = 0.

(3.53)
In terms of the variables (hg, hq) entering the odd parity perturbations,
the odd-parity master function 1/ can be taken to be either e =N/2h, /r,
or the combination rd;h; — r39,.(ho/r?). Since h; vanishes in the sta-
tionary limit, ¢ yields

Y =10, (%) = rh{ — 2hy. (3.54)

The magnetic-type tidal coefficient o, can be obtained in three steps
that are analogue to the even-parity case from above.

— i) The internal value of the odd-parity master function v is ob-
tained by numerically integrating Eq. (3.53), together with TOV
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equations. The boundary condition in this case are obtained from
the behavior ¢ o< r*1 of the general regular solutions in r = 0.
Like the previous case, the main output of the internal integra-
tion procedure is to compute, for each value of ¢, the value of the
internal logarithmic derivative of ¢ at the star surface:

i r i/n
= = || (3.55)
7ﬂint r=R

ii) Similar to the even-parity case, there exist two types of exterior
solutions: a growing one and a decreasing one. We respectively
normalize them in order to have ¥p(7) ~ 7+ and g (7) ~ 7~*
as 7 — 0o, where # = r/M. In the quadrupolar case the growing
analytical exterior solution of Eq. (3.53) is the polynomial

) = (3.56)

while the decreasing one can be expressed in terms of an hyper-
geometric function F'(a,b;c; z) (15) as

1 2
=2 30 | a—d
= ——70; F{1,46;=)]. 3.57
o0 =50 it (Lae2) | )
The normalization of 1q(7) is such that ¥o(7) ~ 772 as r — oc.
For a = 1,b = 4 and ¢ = 6 one can rewrite the hypergeometric
function as a polynomial with the form

A

_9
V52(F) = Ay log (T—> + Agf? + AP+ Ag+ A7t (3.58)
T

For an arbitrary ¢, the general exterior solution of Eq. (3.37) can
be written as

Y = bphp(F) + bota(7), (3.59)

which is the analogue of the even-parity one (3.42). This result
allows one to compute the logarithmic derivative y°d = ry/ /1) of
¥ in the exterior domain, namely

5y _ 50 b
Yodd Dr(7) T bito ()

(3.60)

where by = bg /bp.
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— iii) Similarly to the even-parity case, by imposing the continuity
of 1, ¢/ and therefore y° = ry’ /1 at the star’s surface, one

obtains
V() — Cyoaatp(7)
. 7 3.61
E (%(f) - Cyoddwcz(m)m/c o

that is the odd-parity analogue of ay,. In the present odd-parity
case, the tidal response coefficient Go, has the dimension [length]2+1,
like ay, and for a general £ we have by ~ Goy(GM/c?) =341 The
odd parity analogue of k, will be obtained by scaling Go, by the
(2¢ + 1)-th power of the star radius R, and will therefore involve
the new dimensionless combination

jﬁ = C%—Hbg

W (f) - Cyodde(f)
= _C¥+1 [ £ . 3.62
(%(m = Cyoaatiald ) PR

The Regge-Wheeler metric function hg entering Eq. (3.54) parametrizes
the the time x angle off diagonal component of the metric per-
turbation

HOA X hO(r)eﬁanm(9> Sp)a (363)

where A, B = 2,3 = 6, ¢ are indices on the background coordi-
nate sphere S? of radius r. The metric on S? is yspda?da® =
r2d2, while € = v8% ¢ denotes the mixed form of the volume
form feapdz® A dz® = r?sinfdf A dp on S?. Let’s now con-
sider the 3-dimensional component of the gravitomagnetic field
B, x €4.0,Hq.. Its radial component is the pseudoscalar

n - B = n%B, x n%u.0yHoe x €2V 4Hyp. (3.64)
By substituting Eq. (3.63) this equation yields

h
n- B o —ho(r)e*Pe{V VoY, = 00+ 1)#3&%, (3.65)
r
where one used 45 eg = vBCeBC and the fact that YAV 4V gYs, =
—((¢ + 1)r7%Y},,, where the factor 7—2 comes from the fact that
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vap is the metric on a sphere of radius r, than an unit sphere.
This leads to

Focusing on the growing or decreasing asymptotic terms in the
odd-parity metric, we can now compare the definition of b,, namely

GM 2041
oo i (GH) e o)

to the stationary limit of the general gravitomagnetic fields in
a local A frame (that are shown in Eqs. (2.19) and (4.16) of
Ref. [105]),

B _ Bextfgen 4 Bintfgen

S
_ZK‘XL aL+Z4G !€+1 (L) (3.68)

Inserting now Sy = o,H, Contractlng B, with n%, and recalling
that one has n%d, = 0, and 9z (r~) = (=)’ x (20— )1y~ one
finds

Pl ( )e ¢ Hy,
HLn +Z4G0'g /) €+18r8L (T

1 1
= ; (é — 1)' |: 4G0’g(2£ — 1)”m:| nLHL7 (369)

so that
1 (421

0,(n- B) = rt 4 4Go(20 — D)— = | np Hy.
r@(n ) ;(E—Q)'|: + GO’( )E—lrf nriiy,
(3.70)

The comparison with Eq. (3.67) yields the final result

(-1 '

Goy = O (3.71)

4(0+2) (20 — 1!
where j, = C?**1b,. In the ¢ = 2 quadrupolar case we have
1. . 1. /GM\’
- = b [ — 72
GO’Q 48j2R 48 2( C2 ) ; (37 )
where the explicit expression of j, is given by Eq. (73) of Ref. [108].
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3.1.5 Polytropic Equations of State

The Equation of State (EOS) framework is mainly discussed in Refs. [117,
118] and references therein. In this section, following the references from
above, we briefly overview this topic in order to clarify what is explained in
Chapters 5 and 6.

Since the temperature of Neutron Stars (NS) is far below the Fermi energy
of their constituent particles, their matter is described by the one-parameter
EOS that governs cold matter above nuclear density. This EOS, besides
being the correct choice, has a large uncertainty, since the pressure p as a
function of the mass density p is uncertain by as much as an order of mag-
nitude above nuclear density. The phase of the matter in the core of a NS is
similarly uncertain, so there exists various models of EOS that depend from
physical models of the nucleus. The correspondigly large number of funda-
mental parameters needed to accomodate the models’ Lagrangians has meant
that studies of astrophysical constraints have induced a separation between
“allowed” and “excluded” EOS lists. In Ref. [117] it is shown that if one
uses phenomenological rather than fundamental parameters, one can obtain
a parametrized EOS in which the astrophysical constraints are described as
constraints on the parameter space. This implies that the number of param-
eters are smaller than the number of the “true” NS properties, but at the
same time large enough to accurately approximate the EOS candidates.
One can define a parametrized EOS by specifying the stiffness of the star in
three density intervals, measured by the adiabatic index

dlogp
= : 3.73
dlogp ( )

A fourth parameter translates the p(p) curve up or down, adding a con-
stant pressure or, equivalently, fixing the pressure at the endpoint of the first
density interval. The EOS is then matched below nuclear density to the
(presumed known) EOS. An EOS with I' = constant is a polytrope, so a
parametrized EOS is still polytropic, but with different polytropic intervals.
Several studies [119, 120, 121, 122, 123] have considered piecewise polytropic
equations to approximate NS EOS candidates. Ref. [117] uses a small num-
ber of parameters to fit a wide variety of fundamental EOS. In literature
these candidates are usually the following:

e Potential-method EOSs, as PAL6 [124] and Sly [125];
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e Variational-method EOSs like AP1-4 [126], FPS [127] and WFF1-3 [128];

e Brueckner-Hartree-Fock EOSs, that are subdivided in nonrelativistic
(BBB2 [129]) and relativistic (BPAL12 [130], ENG [131] and MPAT1 [132])
ones;

e Relativistic mean-field theory EOSs: MS1-2 and MS1b, which is iden-
tical to MS1 except with a low simmetry energy of 25 MeV [133]).

A polytropic EOS has the form

p(p) = Kp, (3.74)

where p is the rest-mass density, K a constant of proportionality and I" the
adiabatic index. The energy density € is fixed by the first law of thermody-
namics (¢ = 1):

1
d< = —pd-. (3.75)
p p

The integral of Eq. (3.75) given Eq. (3.74) is

1
% = (L+a) + g Ko, (3.76)

where a = constant. But since lim,_,o i =1,a=0and

1

e-,o—i—r_lp. (3.77)
A parametrized EOS like the one introduced in Ref. [117] is a piecewise
polytrope above a density po, satisfying Eqgs. (3.74) and (3.76) on a sequence
of density intervals, each with its own K; and I';, An EOS is piecewise
polytropic for p > py if, for a set of dividing densities py < p1 < p2 < ...,
the pressure and energy density are everywhere continuous and satisfy the
conditions

p(p) = Kz’PFi
1

€ — pat
p p

pi1 < p < pi. (3.78)
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Then, for I' # 1,

K; ,
e(p) = (L+a)p+ z—=r" (3.79)
with ( ) "
€(Pi—1 i -1
= ] - i 3.80

The specific enthalpy h is defined as (e + p)/p and is given in each density
interval by

I
mm:1+%+r 1mff¥ (3.81)

The internal energy e = % — 1 is then

K; )
e(p) = a; + = phit (3.82)

and the sound velocity vy is

0s(p) = \/? - \/jpp (3.83)

Each piece of a piecewise polytropic EOS is specified by three parameters:
the initial density, the coefficient K;, and the adiabatic index I';. However,
when the EOS at lower density has already been specified up to the chosen
pi, continuity of pressure restricts K;,; to the value

Thus each additional region requires only two parameters, p; and I';, .

The fitting procedure for piecewise polytropic equations (see Sec. IV of
Ref. [117]) is beyond the aim of this work; the important thing to stress is
that there is a general agreement on the low density EOS for cold matter, so
each choice of a piecewise polytropic EOS above nuclear density is matched
to a SLy equation [125] in order to get a “realistic” fitted equation. These
phenomenological equations can be employed in comparisons between nu-
merical and analytical models; in this case there are shown some tables with
the different adiabatic indexes I'; associated to each polytropoc interval, the
dividing density (pg) between the low density part of the EOS (the “crust”)
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and the high density one; the gravitoelectric Love Numbers associated to the
EOS. For preliminary or theoretical-oriented works, a rather good representa-
tion of the overall characteristics of NSs for a polytropic equation like (3.74)
is ' ~ 2 [108].

3.2 Quadrupole-monopole responses of a Neu
tron Star

In a BNS system, the spinning motion of the body A induces a distortion
in its mass distribution which creates another distortion in the gravitational
field outside the star, measured by the STF tensor Cg}‘. The quadrupole
term in the gravitational potential affects the orbital motion of the compan-
ion, and this effect can modify the rate of the inspiral of a spinning BNS (i.e.
it enters in the phase of our gravitational signal, see Chapt. 6). In literature
this interaction is often named “quadrupole-monopole” effect, as it was in-
troduced by Poisson [134].

Assuming that the spinning body A is axially symmetric about the direction
of S A, where the hat indicates an unit vector, the quadrupole-moment tensor
can be expressed as

aa s 1 a
9@ = Coa(5*5" — 56 b, (3.85)

where Cga # 1 for a NS and Cpa = 1 for a BH (so in the latter case we get
the standard formula (2.7)). In Newtonian theory this is given in terms of the
mass density p by Qa = [, p(x)|x|*Py(8-&)d*x, where Py(z) = 5(32°—1). In
GR, Cg4 is defined in a coordinate-invariant manner in terms of the falloff
behavior of the metric outside the star. The general relativistic definition
reduces to the Newtonian one when the gravitational field is weak every-

where inside the star. The LO quadrupole-moment contribution computed
by Poisson [134] reads

5) 2 m?2 PN
Oan = —2 > Coa ™A TAB(L - 8,4)° — 1], (3.86)

and has been studied in a data analysis context in Ref. [135]. We refer the
reader to Chapt. 6 for an original study of the effects on the phase of NLO
and NNLO quadrupole-monopole terms [136].

Finally, for the purposes of this work, it is useful to remind that there exist
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some phenomenological correlations between the mass, the moment of in-
ertia and the quadrupole moment of a BNS [137]. Roughly speaking, the
moment of inertia I quantifies how fast a NS can spin given a fixed spin
angular momentum S; the quadrupole moment ) describes how much a NS
is deformed away from sphericity, and the Love number characterizes how
easy or difficult it would be to deform a NS. The quadrupole moment scalar
defined as Qgin & —Cg(m, EOS)x? depends from the equation of state,
and so from the Love Number. The (phenomenological) relation that binds
these quantities allowing us to compute the Cg(\) scalar that enters at the
quadratic-order in the spin given a Love number A (and so an EOS) is the
fitting formula [137]

log y; = a; + b; log z; + ¢;(log ;)% + d;(log ;) + e;(log z;)*, (3.87)
where the coefficients are given by Table 3.1

Table 3.1: Estimated numerical coefficients for the fitting formula of the
I-Love, I-Q and Q-Love (dimensionless) relations given in Ref [137] for
Eq. (3.87).

Yi T Q; b; Ci d; €;

I X\ 147 0.0817 0.0149 2.87x10~%* -3.64x107°
I @Q 135 0697 -0.143 9.94x1072? -1.24x1072
Q X 0.194 0.0936 0.0474 -4.21x10"% 1.23x10~*

For gravitational-wave modelization we are interested to the last row of
the table, where we can see the relation between the quadrupole-monopole co-
efficients C(A) and the Love number X of the associated EOS (see Chapt. 5).
It is important to stress that Yunes and Yagi’s relations (3.87) do not de-
pend sensitively on the NS’s internal structure. They are “universal” in the
sense that phenomenologically they depend most sensitively on the internal
structure far from the core, where all realistic EOS mostly approach each
other. Beyond that, as the NS compactness increases, the fitting formula
approaches the parameter configuration of a BH, which does not have an
internal-structure dependence.



82



Chapter 4

The Effective one-Body model

4.1 Introduction and motivations

In this Chapter, we mainly follow one of the best seminars on the topic, i.e.
Damour’s 2016 Séminaire Poincaré session [81], updating it with the actual
state-of-the-art EOB developments when necessary.

High-order PN-expanded analytical results, if used as they are, are insuffi-
cient for allowing one to describe the last orbits, and the merger of BBHs or
BNSs. The issue is that the velocity parameter € = v/c = 21/2 = (GMQ/3)3
becomes of order unity near the end of the inspiral, so that the various PN-
expanded representations of both the dynamics, and the GW emission, of the
type co+c1v/c+ cov? /2 4 c3v3 [P+ ...+ c,v™ [, become numerically useless
before one can reach the merger. Some authors, led by Thorne, suggested in
1998 that only NR will have solved the problem: near the merger, one must
use NR simulations only [138], even if that method is slow and incompatible
with bayesian analysis’ high number of template requirements. On the other
hand, the same year Damour and collaborators proposed to simply use re-
summation to ‘cure” the divergent PN results’ pathologies [139].

A resummation method consists in replacing a Taylor-like truncated expan-
sion by some non-polynomial funtion of v/¢, defined so as to incorporate
some of the expected non-perturbative features of the exact results. In 1999-
2000 a new approach to the resummation of the conservative dynamics of
binary systems was introduced [28, 140, 141]. This approach, named “Effec-
tive one-Body (EOB) model”, is constituted by three different bricks: the
dynamical sector, which was inspired by an approach to electromagnetically

33
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interacting quantum two-body systems introduced by Brézin, Itzykson and
Zinn-Justin [142]; the radiation-reaction force F sector, that was initially in-
spired by the Padé resummation of the flux function introduced in Ref. [139]
and then improved (along with the waveform, which is the square-root of the
flux) in Refs. [8, 143, 9], and by Chapters 8 and 9 of this work; a waveform
sector inspired by the work of Davis, Ruffini and Tiomno [144], which dis-
covered the transition between the plunge signal and a ringing tail when a
particle falls into a BH. Additional motivation for the EOB treatment of the
transition from plunge to ringdown for a BBH came from Ref. [145].

4.2 EOB dynamics

The EOB is a general-relativistic generalization of the Newtonian fact that
the relative dynamics of a two-body system with masses my, ms and po-
tential V(x1 — x2), is equivalent to the dynamics of a test-particle of mass
= myms/|xy — x2| and position & = x; — x5 subject to the same poten-
tial V(x). In a gravitational two-body interaction, since V(x; — x3) =
—Gmimy/|xy — xo|, the identity mymy = pM (where M = my + my)
means that the gravitational two-body Newtonian interaction is equivalent
to the dynamics of a test-particle mass p attracted by a larger, central mass
GM = G(mj+my). This fact is generalized into a GR framework by consid-
ering an “effective” metric gfﬁ(x*; GM,v) such that the geodesic dynamics
of a test-particle of mass p within it is equivalent, when Taylor-expanded in
powers of ¢, to the original, relative PN-expanded dynamics, which is de-
scribed by the PN-expanded Hamiltonian in the ADM formalism [146, 147].
Looking at Appendix E of Ref. [146], one can observe that the full 4PN
Hamiltonian is very complex, and that it takes several sheets of paper. The
EOB approach to the relativistic two-body problem introduces strong sim-
plifications thanks to mapping of the real comparable-mass binary system
dynamics into the effective test-particle one.

Let’s now explain the idea, proposed in Ref. [28], which defines the EOB
approach. It consists, like what was emphasized by John Wheeler, in think-
ing “quantum mechanically” into a classical mechanics framework. Instead
of thinking in terms of a classical Hamiltonian H(q,p), and of its clas-
sical bound orbits, we can think in terms of the quantized energy levels
E(n,?) of the quantum bound states of the Hamiltonian operator H(q, p).
Here ¢ will be the discrete angular momentum quantum number (we remind
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that L?* = h((¢ + 1)), while n represents the principal quantum number
n ={+n, + 1, where n, (the radial quantum number) denotes the number
of nodes in the radial wave function. The third quantum number m (which
satisfy the constraint —¢ < m < ¢ ) does not enter the energy levels be-
cause of the spherical symmetry of the two-body interaction in the center
of mass frame. By considering the rescaled (i.e. H=H /) non-relativistic
Newtonian Hamiltonian
A P 1

Hy(r,p) =5 — -, (4.1)

where the scaled variables are defined as r = (x1 —x2)/GM and p = p1 /pu =
—p2/ 1, one obtains the well-known eigenvalue

Eo(n, 0) = —%M (G%“)Q, (4.2)

which depends only on n. When considering the PN corrections to H,y one
gets a more complicated expression of the form

: 1 062 062 C C
relative _ 11 20

4 6

« C13 C22 C31 C40 « C15 C60

+—(—+—+—+—)+—(—+...+—+...) :
A \nl3  n202 np3¢  nt A \n n

where @« = GMpu/h = Gmymsy/h, and where the “classical” limit where
the quantum numbers n and ¢ are large is considered. The 2PN version of
Eq. (4.3) had been derived in Ref. [148], while the 3PN one in Ref. [149]. The
dimensionless coefficients ¢, are functions of the symmetric mass ratio (1.37),
for instance cq = %(145 — 15v + v?). This kind of Hamiltonian in classical
mechanics (n,¢ — oo) is called “Delaunay Hamiltonian”. It is expressed in
terms of the action variables J = (h = % $ podp, and N = nh = I, + J,
with I, = 5= ¢ p.dr.

The PN-expanded energy levels (4.3) encode, in a gauge invariant way, the
relative dynamics of a real binary. Therefore, at this point one must analyze
the effective dynamics of a test-particle body of mass p and then find a
mapping between the two. Let’s consider the effective v-deformed geodesic
equation in some external Schwartzschild metric with spherical symmetry

gomdatds” = —A(R;v)*dT? + B(R;v)dR? + R*(d6* + sinfdy?),  (4.4)
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where the a priori unknown metric functions A(R;v) and B(R;v) will be
constructed in the form of expansions in the parameter GM/c*R,

. _GM _ (GMN\* _ (GM\® _ (GM\®
A(R,u):1+a102R+a2 2R + as 2R + ay 2R + .y

- GM - (GM\? < (GM\®
B(R;y):1+b162R+b2 (ﬁ) +b3(c2R> + ..y (4.5)

where the dimensionless coefficients a,,, by depend on v. The Newtonian
limit constraint is a; = —2. It is important to stress that since v can be
viewed as a deformation parameter away from the test-mass limit, the ef-
fective metric (4.5) must reduce to the standard Schwartzschild metric for

v—0:
2GM

AR
By requiring that the dynamics of the effective body of mass p satisfy the
mass-shell condition

ARjv=0)=1- =B R;v=0). (4.6)

gt 4+ 2 + QST = 0, (4.7)

where Q(p) is at least quartic in p, and then by solving the corresponding
Hamilton-Jacobi equation

l/aSeﬂ‘ aSeﬁ" 2 2 aSeff _
QSH 81,“ axl, +/~L c +Q ax# _07

Seff = _Sefft + JeffSO + Seff<R)a (48)

one can compute in the n,¢ — oo limit the effective Delaunay Hamiltonian
geﬂ(Neﬁ, Jeff), with Neﬂ‘ = neffh, Jeﬁ‘ = feﬁh (Where Neﬁ‘ = Jeff + 1%37 with
Ift = £ $pdR, PET = 0Ses(R)/dR). This yields a result in the form

1 052 a2 Ceff Ceﬁ‘
geff(neffageff) = /’ch - _’unT |:1 + C_2 ( " + 20 )

2
2 off neffgeff neﬂ‘
4 eff eff eff eff
a C13 Ca2 C31 C40
A \ negl® + n2. 0> + n3.0 + nt
eff Yeff eff Veff eff veff eff
6 eff eff
(6% C C,
15 60
+—6( — 6>+.}, (4.9)
¢ neﬁgeff Neg
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where the dimensionless coeflicients cfqu are now functions of the unknown

external metric coefficients a,, and Bn.

At this point, one needs a rule to correlate the real two-body dynamics,
summarized by Eq. (4.3), and the effective one-body one, summarized in
Eq. (4.9). Since in quantum mechanics the action variables are quantized
(Nieal = nh, Neg = negh, etc.) it is natural to identify n = neg and £ = leg.
Starting from this observation, Ref. [28] proposed a genaral map between the
real energy levels and the effective ones, namely

relative relative relative relative \ 2
Eeff 1= f (Ereal ) — Ereal |:1 + Ereal + Qs Ereal
M

Jc? pc? c? c? c?
; 3
Erelatwe
1
+a (7 +ol. (4.10)
&= f(E)
A 4
Ereal SEH
M2 | o .. wet | ..
—n+1,/ n+1,0+41 n+1,¢ 1,041
n,t n, 4

Figure 4.1: Sketch, due to Damour [81], of the correspondance between the
quantized enerqy levels of the real and effective conservative dynamics. n
denotes the principal, “energy” quantum number, while ¢ denotes the relative
orbital angular momentum. Though the EOB method is purely classical, it
uses the Bohr-Sommerfield quantization conditions of the action variables Ir
and J to motivate the identification between n and ¢ in the two dynamics.

The identification of Eg(n, £)/pc® with 1+ f(EISE(n, £)/uc?) yields a

real
system of equations for determining the unknown EOB coefficients a,, b, a,,
as well as the coefficients parametrizing a general quartic mass-shell defor-
mation ¢ (which is introduced at the 3PN order [141]). In Ref. [141] this
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system of equations was solved, for example, at 3PN order. Here the three
EOB potentials A, D and Q describing the two-body dynamics where given
by very simple functions of the EOB “gravitational potental” u = GM/c*R,
le.

Aspn(R) =1 — 2u + 2vu® + asvut,
Dspx(R) = (A(R)B(R))spx = 1 — 6vu? 4 2(3v — 26)vu?,

1 4
Qupx(4,p) = 5204 =3 L, (1.11)
where
04 41 ,
= — — —7° ~18. 2 4.12
G =7 =" 8.6879027, (4.12)

as computed in Ref. [141]. Egs. (4.11) remarkably condense the information
of the (complex) 3PN ADM Hamiltonian [150, 151] into simple equations.
This is due not only to the reformulation of the PN-expanded Hamiltonian
into an effective dynamics, but also follows from several remarkable cancel-
lations taking place in the v-dependence of the EOB A(u;v) potential.

The map between the real center-of-mass energy of the binary system Erelative —
Hrelative — gtot . Mc? and the effective one E. is found to have the com-
pact form
S | ERE () vESEY somidomid
puc? puc? 2 puc? 2mimgct
where s = (£1%)% = (Mc? + Er8tive)2 jg Mandelstam’s invariant s = —(p; +
2
P2)®.

It is important to stress that the large value of the a4 coefficient prevents
the PN-expanded, deformed potential Aspy to be qualitatively similar, as
v — 1/4, to the Schwarzschild potential Agchwarz(t) = 1 — 2u in exhibiting
an “horizon” zero (i.e. the v = 1/4 case was not smoothly connected with the
v =0 case) . This disagreement was solved in Ref [141] by Padé-resumming
the potential, i.e. by replacing Aspy with the rational function

- 1+ nju
o ]_ —|— d1U+ d2U2 =+ d3u3’

AY(R) = P;[Aspn(R)] (4.14)

where P! denotes a Padé approximant of order (n,m) and the coefficients
ny and (dy,dy, ds3), as prescribed by the theory of Padé resummation, are
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determined by the condition that the first four terms of the Taylor expansion

of A} in powers of u coincide with Aspy.

The full analytical EOB potential, since the 4PN ADM Hamiltonian is known [146],
is

Agpn(u; V) = Agpy + v(aS(v) + ar®(v) log u)u?, (4.15)
where the value of the 4PN-level logarithmic coefficient
64
ag®(v) = T (4.16)

was derived in Refs [47, 152, 153] using the results of Ref. [154]. The value
of the af(v) = a’ + va&' piece, where

o _ 4237 2275, 256, 128
ag = ———+ ——1" + — —
5 60 512 5 64T 5
. 221 41
&51 = —? —+ 571'2, (417)

was derived in Ref. [155]. The existence of this term is related to the tail
effects discussed in Sec. 2.4.1; the second, v-dependent, term of Eq. (4.17) was
derived by Bini and Damour from the 4PN infra-red convergent near-zone
computation of Ref. [156], while the first ¥ — 0 term aZ, that is connected
with the infrared-divergent effects in the far zone, was not under control in
the result of Ref. [156]. Therefore, in Ref. [155] a mix of techniques using the
RWZ and GSF approaches were used [62].

At this point, following Ref. [157], the resummed, full analytical point-mass
EOB potential is given by

Ao(u;v) = Pi[Aspn(u;v)). (4.18)

4.3 EOB waveform and radiation reaction dur-
ing the inspiral phase

In the previous section we have described how the EOB method encodes the
conservative part of the relative orbital dynamics into the dynamics of an
“effective” particle. Let us now briefly discuss how to complete the EOB dy-
namics by defining some resummed expressions describing radiation reaction
effects, and the corresponding waveform emitted at infinity. We are inter-
ested circularized binaries, which have lost their initial eccentricity under the



90

influence of radiation reaction. The relative dynamics is evolved using phase
space dimensionless variables (7, p,, ¢, p,), associated to polar coordinates in
the equatorial plane § = w/2. We denote by r the relative separation. Its
conjugate momentum, p, is replaced by p,, = (A/B)Y? p,, with respect to
the “tortoise” (dimensionless) radial coordinate r, = [ dr(A/B)~'/2, where
A and B are the EOB potentials. The real EOB Hamiltonian is obtained by
first solving Eq. (4.13) to get H%%®! = /s in terms of &g, and then by solv-
ing the effective Hamilton-Jacobi equation to get Eg in terms of the effective
phase space coordinates geg and peg. The result, which represents the heart
of the EOB formalism, is given by two nested square roots (it is common to

put ¢ = 1 here):

. Hreal
EOB
Heos =

= %\/1—1—21/(]:[(33—1). (4'19)

At this point we are interested in the form of Heg for the more general case
of a spinning binary system. The EOB Hamiltonian for the coalescence of
two spinning BHs was introduced by Damour in Ref. [158]. Here the crucial
functions, which determine the strength of the spin-orbit coupling, are the
gyro-gravitomagnetic functions G and Gy, , that account for the spin-orbit
interaction and are v-dependent deformations, properly resummed, of the
corresponding functions entering the Hamiltonian of a spinning particle in
Kerr background [159]. The spin-spin coupling was inserted, at next-to-
leading order, in a special resummed form involving the centrifugal radius
7. [159] that mimics the same structure present in the Hamiltonian of a test
particle on a Kerr spacetime.

The dimensionless phase-space variables are related to the dimensional
ones (R, Pr, ¢, P,) by

R Pr. P, T

= —_— ., — , = ’t:—.
av P T TP T o T oM

. (4.20)

The spin dependence in the spin-orbit sector of the EOB dynamics is ex-
pressed using the following combinations of the individual spins

S = Sa+ S, (4.21)

Mpg My
S, =——8 ——3S5g. 4.22
AL oAt g9 (4.22)



91

With these definitions in hand, we can split the full effective Hamiltonian as

HS® = HO + HS, (4.23)
with
~oth p2 p4
Hig =y [p?, + A (1 + 5+ 7~5> (4.24)

for what concerns the orbital case, and
[:fesf? = Dy (ng + GS*S*) (425)

for the spin-orbit coupling. Here, we introduced the dimensionless spin vari-
ables S = S/M?, S, = S,/M?, z3 = 2v(4 — 3v) and r, is the centrifugal
radius [159] that incorporates next-to-leading (NLO) spin-spin terms [160].
It formally reads

2
r2 =1’ +a5 (1 + —) + da?, (4.26)
T

where ag is the dimensionless effective Kerr parameter

ao=S+S5, = Xaxa+ Xpxs=dsa+ag . (4.27)

and the NLO spin-spin contribution is included in the function da* that
explicitly reads [161, 159]

. d . o 5 v\ .
5’ :;{Z(aA —ap)aoXap — <Z + 5) ag

+ (% 1 21/) aA&B}. (4.28)

Following Refs. [162, 159], the latest EOB model by Nagar, Damour and
collaborators, which is presented in detail in Chapter 5, works at next-
to-next-to-leading order (NNLO) [163] in the spin-orbit coupling and uses
the Damour-Jaranowski-Schéfer gauge [164, 162], so that (G, Gg,) are only
functions of (r,p? ) and not of the angular momentum p,. This simplifies
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Hamilton’s equations', which formally read

d H
_SO_Q_@ EOB

—0= , (4.29a)
dt Op,
dr AN1/2 8ﬁ[EOB
— == —_— 4.29b
dt (B) op,, ’ ( )
dp .
2t = For (4.29¢)
dp; A2 a]:IEOB
—=—| = 4.29d
dt (B) or (4.294)
and explicitly become
dy 1 P A N N
@ _q f[A—‘erngbGSJrG*S*], 4.30a
dt vHpopHob U 12 i (Gs 5.5) (4:30a)
i (5) i (25t
—_— = ey —= = 1 | Pr. 23— Dy
dt B VHEOBHgéb p 3T2P .
. 0Gs »,  0Gg, A
orb S Sk
Iy p¢< 5. 5T S)] (4.30D)
dp .
d—t“" = F,, (4.30c)
dp <A>1/2 1 [ AN/
Lo (5) A +i(5)+
dt B)  2uHgogHo%P Pe\
AN/ . A .
vzt (5) + 205, (Gs8 + G5 8. (4.300)

Cc

where the prime indicates the partial derivative with respect tor, i.e. (+--) =
d,(--+). Above, F, = F,/u denotes the radiation reaction force entering
the equation of motion of the angular momentum (that is not conserved)
and that relies on a special factorization and resummation of the multipolar

waveform [8] (see below).

Note that this gauge choice is not made in the tidal EOB model by Buonanno and
collaborators, which is named SEOBNRv4T and follows Ref. [165].
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4.4 EOB waveform and radiation reaction re-
summation

Several methods have been tried during the development of the EOB formal-
ism to resum the radiation reaction .7:"@ (starting from the high-order PN-
expanded results that have been obtained in the literature). In Refs. [166,
167] it was introduced a parameter-free resummation procedure, perfected in
Ref. [8] and further investigated, introducing new techniques, in Ref. [9] and
Chapters 8 and 9.

The results discussed in Ref. [8] are twofold: on the one hand, the work gener-
alized to a multipolar case the quadrupolar factorized resummed waveform of
Refs. [166, 167] by using the currently known (at the time) PN-expanded re-
sults of Refs. [168, 169, 170, 171] as well as the higher PN terms which where
known in the test-mass limit [172, 173]; on the other hand, it introduced a
resummation procedure considering a theoretical quantity, denoted by pg, ()
and named “relativistic waveform amplitude”, which enters into the multipo-
lar waveform only through its /-th power, i.e. (pun(z))¢. Here z is the usual
invariant PN-ordering dimensionless frequency parameter z = (GMQ/c?)%/3.
The main novelty introduced by Ref. [8] is to write the (¢,m) multipolar
waveform emitted by a circularized compact binary as

™

O = MV @ gl 2y e <§

Im 2R Mgy Cote 7(1)> S(E;f)Tﬁmeléempgm' (431)
Here € denotes the parity of {+m (e = n({+m)), i.e. ¢ =0 for “even-parity”
(mass generated) multipoles (¢ + m = even), and € = 1 for “odd-parity”
(current generated generated) ones (¢+m = odd); the Y™ (0, ¢) are the usual
scalar spherical harmonics (as defined by Egs. (2.7) and (2.8) of Ref. [53] and
Egs. (4) and (5) of Ref. [169]); nz(z;)z and ¢y, (v) are numerical coefficients; Sﬁf)
is a p-normalized effective source; Ty, is a resummed version [166, 167] of
an infinite number of “leading logarithms” entering the tail effects discussed
in Sec. 2.4.1, which is based on a work of Asada and Futamase [174]; 0y, is
a supplementary phase (which corrects the phase effects not included in the
tail factor Ty, which is a complex number). Now we will give the explicit
expression of the terms of Eq. (4.31) as prescribed by Ref. [8]. Firstly, the

numerical coefficients are given by

C€+e<l/) — X§+efl + (_)E+€Xf+€fl (4_32)
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and
) _ ;v ST (C+1D)(f+2)
p—y 4-
o = M) i\ -1 (4:33)
(1) _ oy 167 (20+1)(0+2) (0> —m?) L34
P, = = (im) (2£+1)!!\/ NS (4:34)
The Newtonian part of Eq. (4.31) is defined as
Neo _ GMv . ™
hém ) = 2R nén)lce e( ) (e )/2n—e,—m(§7¢) ) (435)
so that (4.31) can be rewritten as
hi) = hi) STy el (4.36)

where ﬁé;)l = S”élff) Tymetmph, is the Post-Newtonian part of the multiplicative
expression. The source factor, like what happens in the RWZ formalism, is
given by Se(?f) (x) = ﬁeﬁ( ) for the even parity case ¢ + m = even and by
SW(x) = j(z) = 2/2j(x) for £ +m = odd, where, for circular orbits, the
angular momentum j is given by

: A'(u)
pu— 4-37
i) = CArary (437
where the PN relation between v and z can be found by solving
1 Hreal MA ; 2
M) = LHEos _ MAW (wuw (4.38)

] Hi3h Hon

where we remind that the relation between x and the orbital frequency €2 is
given by x = (GMQ/c?)?/3,
The explicit expression of the tail factor Ty, is

D0+ 1 = 2ik) (o yom@br)ii

Ton(®) = —Foy ¢ , (4.39)

where
k= mQ, (4.40)
i = mGHyop Y, (4.41)
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with 7o = 2GM /\/e. For extensions of the nonspinning factorized waveform
of Ref. [8] to the spinning case, see Refs. [175, 176, 177]. It is important
to stress that the factorized EOB waveform (4.31) absorbs high-order PN-
expanded waveform computations, both in the test-particle v — 0 (such
as the “japanese” ones in Refs. [173, 172, 178, 179]) and comparable mass
v # 0 cases (such as the “french” ones in Refs. [171, 75, 180, 181]). In order to
maximize the amount of PN waveform information to resum by using (4.31),
in Refs like [175] or Chapter 8 , the comparable mass PN series (which usually
are at low PN orders) are summed to the test-mass ones (which usually can
be found at higher orders). This process is named hybridization, and can be
visualized, for example, as

hy b — o cbm(y £ 0)x—|—c§7§(u #0)¥ 24 cm(v — 0)x—|—c§7§(u — 0)z°+...
(4.42)
It is important to stress that the case from above is purely indicative, since
the amount of comparable mass and/or test particle PN information (i.e. the
orders that one can find in literature) depend from the state of knowledge of
the PN expansion itself.
The perfomance of the resummed factorized EOB waveform can be seen in
Fig. (1) of Ref. [143], that we reproduce here in Fig. 4.2. This figure is a
comparison between a very accurate SpEC waveform (for equal-mass, non-
spinning BBH) and a NR-completed EOB waveform(in which the 5PN-level
coefficient ag(v) in the EOB A(u;v) potential was NR-fitted, as well as some
non-quasi-circular corrections to the (¢,m) = (2,2) quadrupolar waveform;
see Sec. 4.5 below). The agreement between the red (EOB) and black (NR)
curves is remarkably good (they are superposed nearly everywhere, except
just after the merger).

Finally, Eq. (4.31) leads to the definition of a resummed radiation reaction

force F, defined as

1
Fp= —ﬁF“max), (4.43)
where the circularized GW flux Fm=x) ig defined as
2 émax e
Fllmax) — 02| Rhn|?. 4.44
o 3 D n e (ha)

For each multipole, the Newtonian prefactor of the flux can be written in
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Figure 4.2: Fig. (1) of Ref. [143]. This figure illustrates the agreement be-
tween NR (black online) and EOB-based (red online) quadrupolar comparable
mass metric waveforms.

closed form as . )
Fe — o3,

2(  \l+e
Im 871 ( )

RN (4.45)

4.5 IMR EOB waveforms: merger, ringdown
and NR completion

From the very beginning [140], the EOB formalism proposed a specific strat-
egy for desribing the complete waveform emitted during the entire coalescence
process, covering inspiral, merger and ringdown. After some time, when nu-
merical simulations where able to describe the late inspiral and the merger
of BBHs, this analytical prediction was then confirmed by NR.

Within the EOB theory, the instant of the (effective) merger of the two BHs
is the time t,, where the orbital frequency Q(t) reaches its maximum. For
t < t,, the inspiral-plus-plunge (or simply insplunge) waveform, hinsPlunee(t)
is built by using the inspiral EOB dynamics illustrated in the previous sec-
tion. For t > t,,, the merger-plus-ringdown waveform is described by a
superposition of quasi-normal modes (QNM), which are complex frequencies
of a final Kerr BH of mass My and spin parameter ay,

2 .
(—5;4) Pt () = 3 O (ttn), (4.46)
N
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where o}, = ay + iwy, and where the label N refers to indices (¢, ¢',m,n),
with (¢,m) being the Schwarzschild-background multipolarity of the met-
ric waveform hy,,, with n = 0,1,2... being the “overtone number” of the
considered Kerr-background Quasi-Normal-Mode, and ¢ the degree of its
associated spheroidal harmonics Sp,,(ac, ). The excitation coefficients C};
of the QNM’s in Eq. (4.46) are determined by using a simplified represen-
tation of the transition between plunge and ringdown obtained by follow-
ing Ref. [167], i.e. by smoothly matching on a (2p + 1)-toothed “comb”
(tm — DO, ooy by — Oy by b + 0, ...y by + pO) centered around the merger and ¢,,,
the inspiral-plus-plunge waveform to the above ringdown waveform.

Finally, one defines a complete, quasi-analytical EOB waveform (covering the
full process to inspiral from ringdown) as

hEOB — 0(t,, — )PP () 4 O(t — t,, ) RO (1), (4.47)

Im

where 6(t) denotes Heaviside’s step function. The final result is a wave-
form that essentialy depends only on the choice of a resummed EOB A(u)
potential, and, less importantly, on the choice of resummation of the main
waveform amplitude factor fop = (pa2)?.

The early comparisons between 3PN EOB waveforms and NR-computed
waveforms showed a satisfactory agreement between the two, within the
relatively large NR uncertainties [182, 183]. Despite that, when NR’s un-
certainties were reduced, and it started to give highly accurate waveforms,
it became clear that the 3PN-level analytical knowledge incorporated in the
EOB theory was not accurate enough for providing waveform agreeing with
NR ones within the accuracy needed for the upcoming gravitational wave
signals’ detection and data analysis. This problem was solved by introduc-
ing some additional fitting parameter in the unknown analytical terms of
EOB potential, i.e. Eq. (4.15) (at the time of the first EOB/NR works the
analytical terms up to 4PN of the A-potential were not known). The first
EOB/NR attempt was done in Ref. [184], where the (at the time) unknown
A-potential parameter d5(v) = asv entering a Padé resummed 4PN potential
Al(u;as,v) = P}[Aspx(u) + vasu®] was determined via a fit with NR. This
strategy was then pursued in subsequent works. In Ref. [143] it was shown
that the introduction of a further 5PN coefficient dgs(v) = agv, entering a
Padé resummed 5PN-level A-potential like before, gave a closer agreement
with accurate NR waveforms. The updated determinations of the EOB A
potential are given by Ref. [31] (in the context of the EOB model devel-
oped by Buonanno and collaborators) and by Ref. [159] (in the context of
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the EOB model developed by Damour itself and collaborators). The dy-
namical differences of the two existing spin-informed EOB models in their
last-updated versions, SEOBNRv4 [36] and TEOBResumS [1] (which is described
here in Chapt. 5), are explained for the first time in Ref. [185].

Refs. [166] and [167] have introduced in the EOB/NR context another type
of flexibility parameters, which are named next-to-quasi-circular (NQC) cor-
rections. These parameters account for uncalculated modifications of the
quasi-circular EOB inspiral waveform, and are linked to the deviations from
an adiabatic quasi-circular motion. These parameters are of various types,
and subsequent works [186, 187, 143, 188, 189, 176] have explored several
ways of introducing them. For each (¢, m), these waveform corrections, that
we label as EZNN?C, depend on 4 parameters that are NR-informed by requir-
ing osculation between, say, the EOB waveform (which will depend from the
unknown A-potential coefficients like ag and obviously by the NQC factors
that are defined in the specific problem) and the NR one (as illustrated in
Eq. (4.48), one considers the amplitude and frequency, and their first time
derivatives) close to merger. Then, for consistency between waveform and
flux, the NQC factor also enters the radiation reaction and one iterates the
procedure a few times until the procedure converges. We focus here only on
the { = m = 2 waveform mode, as what has been done in Chapt. 5. In this
case, the NQC factor reads

ISRC = (1 4 ayny + agng)eCmittns), (4.48)

where (aq, as, by, by) are the free parameters while (n1, ny, n, nb) are explicit
functions of the radial momentum and its time derivative that are listed in
Eq. (96) of Ref. [159]. On the EOB time axis, ¢, the NQC parameters are
determined at a time defined as

tNQC = tho — Atnge (4.49)

where o, was called the pure orbital frequency in Ref. [159] (see Eq. (100)
there) and is defined, from Eq. (4.30a) of Sec. 4.2, as

1 8]:[(??{)_ pwugA

Qorb = - ~ )
HEOB apgo HEOBH(?ED

(4.50)

where u. = 1/r.. In previous work [159, 34, 37|, it was found that Atxqc
needed to be informed by NR simulations for large, positive spins. In Sec. 5.2.2
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of Chapt. 5 it is shown that this was the result of a small, though nonnegligi-
ble, implementation mistake, so that here the authors fix Atnge = 1 always,
except for some corner cases defined in Ref. [1].

Since EOB waveforms are much faster to compute than NR waveforms (it
takes more than a month to compute a reasonably long and accurate NR
waveform), LIGO has used several banks of EOB/NR templates (correspond-
ing initially? to different versions of spinning EOB/NR models deveoped by
the group of Buonanno [31]) for their search and data analysis pipelines. The
parameters of these models (See Sec. 1.5.3) are discretized in order to build
an adequately dense bank of hundred of thousands of waveforms (~ 250000
for the first detection, GW150914) covering the space of expected physi-
cal parameters (up to BH masses to 100M). Since an analytically-defined
EOB/NR waveform in the time domain requires a numerical integration of
the model’s dynamical ODEs, this process may take a minute, some seconds
in the best case, but this time, even if very small if compared to the com-
putational times of NR, is still not sufficient for the utilization of Bayesian
data analysis (See Sec. 1.5.2). To feed these demands, parametrized, “Re-
duced Order” Fourier domain versions of the spinning EOB/NR have been
obtained [190]. An alternative method to maximize the velocity of EOB/NR
templates is the “rush” approximation of the EOB inspiral waveform de-

scribed in Ref. [191].

20nly recently [10] the EOB model of Nagar and collaborators, TEOBResums [1], which
is described in Chapter. 5, has been added to the LIGO Advanced Library LAL
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Chapter 5

The TEOBResumS model 1]

5.1 Introduction

The purpose of this work is to introduce TEOBResumS, a state-of-the art EOB
model, informed by BBH NR simulations, that is fit to describe the dynamics
and waveforms from nonprecessing coalescing binaries, both black holes and
neutron stars. For BBH binaries, TEOBResumS is an improvement of the model
of Refs. [37, 34, 159] implementing a refined phenomenological representation
of the postmerger waveform (ringdown). The latter is built from an effective
fit of many spin-aligned NR waveform data available in the SXS catalog [192]
obtained with the SpEC code [193, 194, 195, 196, 197, 198, 199, 200, 201, 202,
203] and, notably, also incorporates test-particle results'. We show here the
performance of the model over the SXS [192] and BAM waveform catalogs (the
latter consisting of simulations produced using the BAM code [204, 205]), and
check its robustness also outside NR-covered regions of the parameter space.

For BNSs, we built on our previous efforts [206] (see also [207, 208])
and merged together into a single EOB code, tidal and spin effects, so
as to produce a complete waveform model of spinning BNSs. We show
that the EOB waveform is accurate up to BNS merger by comparing with
state-of-the art, high end, NR simulations. The tidal-and-spin model uses
most of the existing analytical knowledge. In particular, we incorporate
in the EOB model equation-of-state (EOS) dependent self-spin effects at
leading-order (also known as spin-induced quadrupole moment or monopole-

In doing so, we corrected a minor coding error in the numerical implementation that

had affected the £ =5, m = odd flux modes from Ref. [159].

101



102

quadrupole couplings [134]). TEOBResumS has been the first EOB model
to have these effects. As such, it was used for validating the phenomeno-
logical waveform model, PhenomPv2 NRTidal, that incorporates similar self-
spin effects [209] and that was recently used for a detailed study of the
parameters of GW170817 [210, 211]. However, while TEOBResumS was un-
der internal LVC review, leading-order self-spin effects were also included
in SEOBNRvVAT, though in a different fashion for what concerns the Hamilto-
nian [36, 212, 213, 214]. A targeted comparison between the two models for
BNS configurations is described in Sec. 5.6.

This chapter, in which we reproduce some sections of Ref. [1] for the aims
of this thesis, is organized as follows: in Sec. 5.2 we compare the perfor-
mance of the BBH EOB model against the SXS [192] and BAM NR data, test
its robustness over a large portion of the parameter space; in Sec. 5.3 we
discuss the BNS case, focusing on our analytical strategy to incorporate in
a consistent, and resummed, way both tidal and spin effects, including the
self-spin ones. In this respect, Sec. 5.4 compares the EOB description with
the corresponding nonresummed PN-based expressions. Section 5.6 collects
selected comparisons (photon potential and, notably, faithfulness) between
TEOBResumS, SEOBNRv4 and SEOBNRvAT. To probe our model we also present,
in Sec. 5.5, a case study done on the GW150914 event [38]. Since Ref. [1] is
complemented by several technical appendices that are beyond the purposes
of this thesis, we neglect them and we adress the interested reader to the
original paper. Among these, the case of mixed black-hole and neutron-star
binaries is discussed in Sec. 5.8.

5.2 Binary Black Holes

5.2.1 Main features

The details about the structure of the TEOBResumS model can be found in
Ref. [159, 34, 37]. We refer to Sec. 4.2 of Chapt. 4 for the visualization of
the dynamical equations of the EOB formalism. Following the choice made
in previous work [159], we set F,. = 0 explicitly, so that the radial flux
does not appear in the r.h.s. of Eq. (4.29d). Note that the effect of the
absorption due to the horizon is explicitly included in the model at leading
order (see Eqs. (97)-(98) of [159]). The relative dynamics is initiated using
post-post-adiabatic (2PA) initial data [166, 215].
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The multipolar waveform strain is computed out of the dynamics with
the following convention

Emax {+m
. 1
hy —ihy = = Z Z hom oY (0, 6), (5.1)
(=2 {=—m
where _5Yy,(0,¢) are the s = —2 spin-weighted spherical harmonics. In

the following text, for consistency with previous work, we shall often use the
Regge-Wheeler-Zerilli [216] normalized waveform Wy, = hg/+/ (€ + 2)(€ 4+ 1)0(€ — 1).
The strain multipoles hy,, are written in special factorized and resummed

form [8, 175, 159]. Following the notation of [159], they read

R = B S i fembtpt (5.2)

Im m

where e denotes the parity of {+m, h%’e) is the Newtonian (or leading-order)
contribution, Sg_f) the effective source, ﬁ}?# the tail factor, fy,, the residual
amplitude correction and ﬁ%’zc the next-to-quasi-circular (NQC) correction
factor. We recall that iALKNW?C accounts for corrections to the circularized EOB
waveform that explicitly depend on the radial momentum and that are rele-
vant during the plunge up to merger [167], see Eq. (4.48) of Sec. 4.5.

On top of the NQC corrections to the waveform, TEOBResumS is also NR-
informed in the nonspinning and spinning sector of the dynamics. Section
IITA of Ref. [37] gives a comprehensive summary of the analytical flexibility of
the model, while Sec. ITIB and IIIC of [37] illustrate how the NR information
is injected in the model. The nonspinning sector of TEOBResumS fully coin-
cides with Sec. ITIB of Ref. [37]: the orbital interaction potential A, taken at
formal 5PN order, is Padé resummed with a (1,5) Padé approximant and it
incorporates an “effective” 5PN parameter a§(v) = 3097.3v2—1330.6v+81.38
that was determined by EOB/NR comparisons with a set of nonspinning
SXS simulations. More precisely this specific functional form dates back to
Ref. [34], it was based on the SXS NR simulations publicly available at the
time (see Table I of [34]) and never changed after. We address the reader
to Sec. III of Ref. [34] for details and in particular to Eq. (1) there for the
explicit analytical form of the orbital interaction potential.

The spinning sector of the model is flexed by a single NNNLO effective
spin-orbit parameter c3 that enters both Gg and Gg, (see e.g. Egs. (19)-(20)
of [37]). Finally, the factorized waveform is then complemented by a descrip-
tion of the post-merger and ringdown phase [217, 218]. The model of [37],
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though informed by a rather sparse number of NR simulations, proved to be
rather accurate, reliable, and robust against a set of 149 public NR simula-
tions by the SXS collaboration [192] (see specifically Tables V-IX therein).
It also showed, however, its drawbacks, mostly restricted to the merger and
post-merger part that was obtained through fit of only a sparse number
(=~ 40) of NR simulations, most of them clustered around the equal-mass,
equal-spin case. Here these problems are overcome by making crucial use
of all the NR information available in order to devise better fits of the NR
data to describe the post-merger-ringdown part of the waveform. This will
be discussed in the forthcoming section.

5.2.2 Improvement over previous work

The BBH sector of the TEOBResumS model improves the version of the one
discussed in Ref. [159, 34, 37] on the following aspects: (i) improved (and cor-
rected) ¢ = 5 flux; (ii) related new determination of the NNNLO spin-orbit
parameter cg; (iii) more robust description of the postmerger and ringdown
waveform; (iv) more robust and accurate fits of the NR point used to deter-
mine the NQC waveform corrections.

Flux multipoles: the ¢ =5, m = odd modes

We start the technical discussion of the BBH sector of TEOBResumS by point-
ing out a coding error in its Matlab numerical implementation that has af-
fected (though marginally) the spin-dependent sector of the model as soon
as it was conceived back in 2013 [159], with effects on Refs. [159, 34, 37, 209].
We found that there was a missing overall factor X, g = /1 — 4vinthe / =5,
m = odd multipolar waveform amplitudes that, once squared, contributed
to the radiation reaction force .7::0. Such small, though non-negligible, dif-
ference in the radiation reaction resulted in an inconsistency between the
nonspinning and spinning sector of the model, that are implemented through
a different set of routines. The effect of this error was more important for
spins of large amplitude, both aligned with the angular momentum. Once
this error was corrected, we had to redetermine, through comparison with
NR waveform data, the function c3(a4,ap,v), that describes the NNNLO
spin-orbit effective correction [159, 34, 37]. In doing so, we found that the
correct implementation of the ¢ = 5 modes brings a simplification to the
model: there is no need of ad-hoc NR-calibrating the additional parameter
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Atnge when x4 = xp > 0.85, as it was necessary to do in Ref. [34] [see also
Sec. IIIC of Ref. [37], Egs. (24)-(25) therein]. As in the nonspinning case,
we can choose Atxge = 1 for all configurations, without any special tweaks
needed for the high-spin case.

New determination of c3

It was possible to inform a new function c3(aa, ap, ) with the limited set of
27 SXS NR simulations (see Table 5.1), most of which are the same used in
Ref. [37]. The determination of c¢3(aa,ap,v) is based on two steps. First,
for each of the 27 SXS configurations of Table 5.1 one determines, tuning
it by hand, a value of c3 such that the dephasing between EOB and NR
waveform at merger is within the NR uncertainty. Such first-guess values of
c3 are then globally fitted with a suitable functional form that, as in [37], is
chosen to represent a quasi-linear behavior in the spins. More precisely, the
new representation of c3 is given by

- -2
1+ niag + NaGyg

03(ELA7 dB) V) = Po

1+ dyag
+ (pﬂ/ + por? + pgy?’) apv1 —4v
+py (G4 — ap) V2, (5.3)
where

po = 43.371638, (5.4a)
ny = —1.174839, (5.4b)
ne = 0.354064, (5.4c)
d; = —0.151961, (5.4d)
p1 = 929.579, (5.4e)
py = —9178.87, (5.4f)
ps = 23632.3, (5.4g)
pg = —104.891. (5.4h)

Table 5.1 lists, for the configuration chosen, both the first-guess value of cs,
that yields an EOB/NR phase agreement within the NR error at merger,
as well as the value obtained from the fit (5.3). The last column lists the
relative error (ci™" & _ ¢fit) /efit - A it will be shown below, despite the fact
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that for some configurations the first-guess value and the corresponding one
obtained from the fit are significantly different, the EOB/NR unfaithfulness
(see below) is still considerably smaller than the usually accepted limit of
1%. We note however that the global fit can be further improved, if needed,
by incorporating more NR datasets and/or changing the functional form of
Eq. (5.3). We shall briefly discuss an example at the end of next section.

Post-merger and ringdown

Let us come now to discussing the improved representation of the post-merger
and ringdown, that in [37] relied on the, rather simplified, fits presented
in [218]. For completeness, we also recall that the NR-based phenomeno-
logical description of the waveform is attached at the inspiral part, NQC-
modified, at tﬁ%% given by Eq. (4.49) above. The new fits for the { =m = 2
merger and postmerger waveform are detailed in Appendix F of Ref. [1]. Let
us briefly summarize their new features. First, the major novelty behind the
fitting procedure is that it is done by exploiting the rather simple behavior
that the merger? waveform strain amplitude and frequency (A ®, wyy ®) show
when plotted versus the spin-variable S = (S4 4+ Sp)/M?2. This allows one
to capture the full dependence on mass ratio and spins by means of rather
simple two-dimensional fits versus (v, S ). In addition, we use a larger set of
NR waveforms than in previous work: more precisely, we use 135 spin-aligned
NR waveforms® from the publicly available SXS catalog [192] obtained with
the SpEC code [193, 194, 195, 196, 197, 198, 199, 200, 201, 202, 203] whose
parameters are summarized in the Tables V-IX of Ref. [37]. These waveforms
replace and update the set of 39 waveforms used in [218]. In particular, the
SXS waveforms used are corrected for the effect of the spurious motion of the
center of mass, as pointed out in Ref. [219] as well as in Sec. V [37]. These SXS
waveform data are complemented by 5 BAM waveforms with mass ratio ¢ = 18,
where the heavier BH is spinning with y4 = (—0.8,—-0.4,0,40.4, +0.8) and
by test-mass waveform* data [61] obtained from new simulations with an im-
proved version of the test-particle radiation reaction, now resummed accord-

2As in previous work, the merger time is defined as the peak of the waveform strain
amplitude A22 = |h22‘.

30ut of the 149 waveforms listed in Ref. [37], 14 are older simulations whose parameters
are covered by simulations more recently released. These 14 waveforms were not used in
the determination of the new merger and postmerger parameters.

4Note that the phenomenological representation of the fit with the template proposed
in Refs. [217, 218] is not accurate for high-spin and larger-mass ratio limit waveforms,
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ing to Refs. [9, 4]. The model is completed by the fit of the spin and mass of
the remnant BH of Ref. [220], and by accurate fits of the quasi-normal-mode
(QNM) frequency and inverse-damping times versus the dimensionless spin of
the remnant BH. These are fits of the corresponding data extracted from the
publicly available tables of Berti et al. [221, 222]. This is an improvement
with respect to previous work, where the final QNM frequencies were ob-
tained simply by interpolation the publicly available data of Ref. [221, 222].
We address the reader to Appendix F of Ref. [1] for precise technical details.

The NR waveform point used to obtain NQC parameters

Using all available information listed above, it was also possible to obtain

more accurate fits of the NR waveform point <A2N2QC,A§2QC,LU2NQQC,&J2N2QC>,

used to compute the NQC parameters (ay, as, by, by) entering the £ = m = 2
NQC waveform correction factor discussed above. These fits replace those of
Sec. IVB of [37] for ¢ > 4 and are listed together with the details of the new
improved postmerger fits in Appendix F of Ref. [1].

5.2.3 Comparison with NR data

Let us evaluate the global accuracy of the BBH model that incorporates the
new fit for ¢z, Eq. (5.3), as well as the new fits for the NQC point and post-
merger part. We do this by computing the usual EOB/NR unfaithfulness F
defined as
F(M)=1-F =1—max ™, hig) (5.5)
B to.go |7y P[] [|hs]]” '

where (o, o) are the arbitrary initial time and phase and ||h|| = \/(h, h).
The inner product between two waveforms is defined as
(ota) = 4R [ R OR/S) df, (56)
St (M)

where h(f) denotes the Fourier transform of h(t), S,(f) is the zero-detuned,
high-power noise spectral density of Advanced LIGO [223] and fN}(M) =

min

and needs to be modified, including more parameters, to be more flexible. That is the

reason why in the current representation test-mass data are only used to improve the

representation of merger quantities (A5 %, wys ©), and not of the postmerger ones.
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Figure 5.1: Unfaithfulness, Eq. (5.5), comparison between TEOBResumS and
SXS waveforms, using the design-sensitivity noise curve of Advanced LIGO.
This figure is the updated version of Fig. 7 of Ref. [37]. Thanks to the joint
action of (i) the correct implementation of the ¢ = 5, m = odd modes of
the radiation reaction and the related new determination of the NNNLO
effective spin orbit parameter ¢z and (ii) the improved treatment of the
postmerger part of the signal as well as of the improved NQC determi-
nation, there are no outliers above the 1% limit. Remarkably, it is found
max (F) < 2.5 x 1072 all over the SXS catalog except for a single outlier,
(q,xa, xB) = (3,+0.85,+0.85), with max (F) ~ 7.1 x 1073,

fgﬁ/]\/[ is the starting frequency of the NR waveform (after the junk radi-
ation initial transient). Both EOB and NR waveforms are tapered in the
time domain so as to reduce high-frequency oscillations in the corresponding
Fourier transforms. We display F(M), for 10M, < M < 200M,, in Fig. 5.1
for the 171 SXS waveform data and in Fig. 5.3 for the 18 BAM datasets. Let
us discuss first the TEOBResumS/SXS comparison, Fig. 5.1. To better appre-
ciate the improvement brought by the correct implementation of the ¢ = 5,
m =odd flux modes and the post-merger fits, this figure should be com-
pared with Fig. 7 of [37]. Figure 5.1 illustrates that max(F) < 2.7 x 1073
all over the waveform database except for a single outlier, (3, +0.85, +0.85),
where max(F) = 7.1 x 1073, Note however that the performance is much
better than the minimal accepted limit of 3% (light-blue, dotted, horizon-
tal line) or the more stringent 1% limit (black, dotted, horizontal line) that
is taken as a goal by SEOBNRv4 (see Fig. 2 in [36]); in fact, it is the low-
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Figure 5.2: Same as Fig. 5.1, but including an additional term proportional
to va2y/1 — 4v in the functional form Eq. (5.3) using to fit the c5™" £ values
of Table 5.1. One has max (F') < 2.5x 1072 all over the SXS catalog of public
NR waveforms.

est ever value of max [max (F))] obtained from SXS/EOB comparisons. We
note that the reason why F ~ 7.1 x 1072 for (3,+0.85,+0.85) is entirely
due to the fact that the global representation of ¢z yielded by Eq. (5.3) is
not that accurate in that corner of the parameter space, and yields the value
14.38 instead of 16.5 (see line #23 of Table 5.1). Interestingly, we have ver-
ified that, by using the value 16.5, the value of F(M) significantly drops,
being smaller than 10™* at M = 10M, and just growing up to 2 x 10~* at
M = 200M. This illustrates that our analytical representation of c3 is ac-
tually very conservative. It would be easy, by either incorporating more
datasets in the global fit and/or improving the functional form of (5.3)
to reduce the discrepancy between the first-guess and fitted value of cs.
As a simple attempt to do so, we slightly changed the functional form of
c3(@a,ap,v) so as to introduce nonlinear spin-dependence away from the
equal-mass, equal-spin case. For example, to introduce such nonlinearities
in spin in a simple way, one easily checks that the addition to Eq. (5.3)
of only one term quadratic in ay of the form psray/1 —4v, where ps is
a further fitting coefficient, is by itself sufficient to obtain c3 = 17.28 for
(3,+0.85, +0.85), with a corresponding value of max(F) =5 x 10~ reached
at M = 200M. Once this term is included, the new fitting coefficients that
parametrize the sector of c3 away from the equal-mass, equal-spin limit read
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Figure 5.3: Unfaithfulness comparison between TEOBResumS and the set of
BAM waveforms mostly presented in Refs. [224, 30, 225] and listed in Table 5.2
for completeness. The case (8,+0.85,+0.85), where a new, high-resolution,
BAM waveform was produced explicitly for this work, is meaningfully above
the 3% limit and calls for an improvement of the model in that specific corner
of the parameter space.

(p1, P2, P3, P4, P5) = (917.59, —8754.35,20591.0, —78.95, 83.40). For complete-
ness, we evaluated again the EOB/NR F with this new fit. The result is
displayed in Fig. 5.2. It is remarkable to find that max(F) < 2.5 x 1072 all
over the SXS catalog. It is also interesting to note that the two curves for
(3,40.85,+0.85) and (2,40.85,40.85) are essentially flat, which illustrates
that all the difference with the previous case was coming from the slightly
inaccurate representation of the spin-orbit coupling functions, now corrected
by the improved representation of cs.

Let us turn now to discussing TEOBResumS/BAM comparisons, Fig. 5.3.
These waveforms cover a region of the parameter space, for large mass ra-
tios, that is not covered by SXS data (see Table 5.2). Hence, we use them
here as a probe of the phasing provided by TEOBResumS. In general, BAM
waveforms in the current database are shorter than the SXS ones and have
larger uncertainties. This is also the case for the (8, +0.85,40.85) configura-
tion, that yields the largest NR/EOB disagreement, max(F') ~ 5.2%, which
is above the usually acceptable level of 3%. However, though this waveform
is much longer (= 18 orbits) than the one previously used in [37], it was also

obtained at higher resolution, so that its error assessment is similar to those
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Figure 5.4: Effect of changing the value of the effective NNNLO spin-orbit
parameter c3 for the (8, +0.85, +0.85) configuration. Time-domain evolution
of frequency and amplitude. The 5.2% value of F in Fig. 5.3 comes entirely
from the value c3 = 28.7 obtained by extrapolating from the SXS-based fit
of Eq. (5.3). A smaller value of the parameter, c3 = 23, succeeds in getting
a good EOB/NR agreement (F ~ 1.3 x 107%) . Despite this, both the NQC
and post-merger sectors are correctly represented by the model because of
the robust NR-informed fits.

used for the IMRPhenomD waveform model [30, 225], with a mismatch error
of less than 1073. The EOB/NR difference seen in Fig. 5.3, originates then
in the EOB model, notably during the inspiral, and not in the NR data. To
explicitly see that the origin of such EOB/NR discrepancy comes from the
EOB-driven inspiral dynamics and not from the ringdown part®, we display
in Fig. 5.4 the waveform frequency and amplitude versus time. The figure
compares three datasets: (i) the BAM data (black); (ii) the TEOBResumS wave-
form with the value of ¢35 ~ 28.7 obtained from Eq. (5.3) (blue, dash-dotted,
lines) and ¢35 = 23. Note that while the ¢3 = 28.7 waveform was obtained by
iterating on NQCs parameter (i.e., the NQC correction is also added to the
flux for consistency with the waveform and then an iterative procedure is set
until the values of (a1, ay) are seen to converge [37]), the ¢3 = 23 one was not

5This is the contrary of what was stated in [37]. The reason for this is that the BAM
waveform used there was shorter than the one we are using now.
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(see below). The waveforms are aligned in the (0.2,0.35) frequency interval
region. The figure clearly illustrates that the simple action of lowering cs3
(i.e. making the spin-orbit interaction less attractive, see discussion in [37])
is effective in getting the TEOBResumS waveform closer to the BAM one: the
waveform becomes longer and the frequency behaviors get qualitatively more
similar up to merger. Note also that the postmerger part is perfectly con-
sistent with the NR one. This is a remarkable indication of the robustness
of our post-merger fits since the (8,+0.85,4+0.85) BAM dataset was not used
in their construction. We mentioned above that the curves corresponding to
c3 = 23 were obtained without iterating on the amplitude NQC parameters
(a1,as2). The reason for this is that the value of the NQC parameters are
rather large because of the lack of robustness of the resummed waveform
amplitude in this corner of the parameter space and they effectively tend
to compensate the action of c3, that should be lowered further. The con-
sequence of this is that, when c3 is chosen to be below 20, (a1, as) become
so large that the iteration procedure is unable to converge. The use of the
improved factorized and resummed waveform amplitudes of Refs. [9, 4], that
display a more robust and self-consistent behavior towards merger for high,
positive spins is expected to solve this problem.

To summarize, the message of the analysis illustrated in Fig. 5.4 goes as
follows: (i) on the positive side, the figure illustrates that, even if we had not
included (8, +40.85,+0.85) data to obtaining the postmerger fit parameters,
the resulting model is rather accurate also for this choice of parameters; (ii)
on the negative side, it also tells us that the dataset (8,+0.85,40.85) brings
us new, genuine, NR information that is currently not incorporated in the
model, but it should be in order to properly capture the correct phasing
behavior in this corner of the parameter space®. In principle, improving the
model would be rather straightforward, as it would just amount to adding
a new value of ¢z in Table 5.1, corresponding to an acceptable BAM/EOB
phasing up to merger, and redoing the global fit. However, because of the
aforementioned problems in obtaining a consistent determination of the NQC
parameters, we shall postpone this to a forthcoming study that will (partly)
use the factorized and resummed waveform amplitudes of Ref. [4].

Finally, Fig. 5.5 illustrates another difference between TEOBResumS and
BAM waveforms. The figure compares the analytical and numerical frequen-

SWe note in passing that SEOBNRv4 also used BAM datasets with (8,+0.85,40.85),
though different from the one we used here, for its calibration.
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Figure 5.5: Frequency and amplitude comparison between TEOBResumS and
BAM for (18, —0.80,0). The full waveform amplitude develops a slightly un-
physical feature due to the action of the NQC parameters. The frequency
(as well as F') is unaffected by this.

cies and amplitudes for (18, —0.80,0). The waveforms are aligned around
merger. Although the frequencies are perfectly consistent, the analytical
amplitude (red line) shows a qualitatively incorrect behavior before merger.
Although such feature in the amplitude might be interpreted as due to an
incorrect determination of the NQC corrections, it is actually of dynami-
cal origin. More precisely, it comes from the orbital frequency €2 crossing
zero and then becoming negative due to a somewhat large values of the
gyro-gravitomagnetic functions (Gg, Gg,) for small values of the EOB radial
separations. Since the spins are negative, the spin-orbit part of the orbital
frequency progressively compensates the orbital one, until dominating over
it so that 2 < 0 around merger time. We have tracked back the origin of this
problem to the fact that, following Ref. [159], the argument of the functions
(Gg,Gs.) (see Eqgs. (36)-(37) of [159]) were chosen, by construction, to be
1/r., instead of of 1/r, so as to effectively incorporate higher-order spin-orbit
corrections. Although it is not our intention to discuss this subject in more
detail here, we have actually verified that going back to the standard 1/r de-
pendence of these functions is sufficiently to reduce and/or cure completely
(as it is the case for the configuration (11,—0.95,—0.50) discussed below)
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Figure 5.6: Global picture of the maximum value of the EOB/NR faithful-
ness F', Eq. (5.5) over SXS and BAM NR data. The only outlier above 3%,
(8,4+0.85,40.85), is omitted from the figure.

this somewhat unphysical feature”. Although the behavior of the modulus
in Fig. 5.5 has not practical consequences, it is important to mention that
similar features may occur systematically for binaries with large ¢ and large
spins, anti-aligned with the orbital angular momentum. This statement will
be recalled below when discussing the performance of the model outside the
NR-covered region of the parameter space. Finally, a global representation
of the results of Figs. 5.1-5.3 is given in Fig. 5.6, that displays the maximum
value of the EOB/NR faithfulness F, reached for each dataset varying the
total mass M, all over the SXS and BAM waveform catalogs, only excluding
the (8,40.85,40.85) outlier for readability.

"Please note, however, that, likewise the case of a test-particle plunging over a highly
spinning black hole whose spin is anti-aligned with the orbital angular momentum [61, 226],
by continuity there might exist BBH configurations where the orbital frequency is actually
due to change its sign while approaching merger. This is however not the case of the
(18,—0.80,0) binary under consideration, since the positive-frequency QNMs branch is
still more excited than the negative frequency one. The contribution of this latter is not,
however, negligible, as illustrated by the large amplitude oscillation in the NR frequency
displayed in Fig. 5.5.
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Figure 5.7: Comparing the effect of using Atxnqgc = 1 and Atnge = 4 for
(g, X1, x2) = (11,—-0.95, —0.50). The use of Atxgc = 4 makes the behavior of
the waveform amplitude at merger consistent with the NR-fitted postmerger
behavior.

5.2.4 Waveform robustness outside the NR-covered re-
gion of parameter space

The model was tested to be robust in the most demanding corners of the
parameter space, notably for large mass ratios (though we limit ourselves to
g < 20) and large values of the spin magnitudes. In particular, no obvious
problem was found for large mass ratios and when the spins are positive.
The absence of ill-defined behaviors in the waveform is mostly due to the
use of robust fits across the whole parameter space and to the fact that the
NQC corrections are able to effectively reduce the residual inaccuracies in
the EOB waveform. However, this comes at the price of large NQC pa-
rameters (far from being order unity, as noted above for the specific case of
(8,+0.85,40.85)) since they have to strongly correct a waveform in a regime
where the radial momenta are small. Large NQC parameters prevent the
necessary iterative procedure of recomputing the flux from converging. We
thus remove the NQC corrections to the flux, although in this way it becomes
mildly inconsistent with the waveform.

As anticipated above, when the mass ratio is moderately large (¢ > 8)
and spins are equally large but anti-aligned with the angular momentum,
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Figure 5.8: Calculation of F' between EOB waveforms with Atyqc = 1 and
Atnge = 4 at the boundary of the region of the parameter space defined
by Egs. (5.7)-(5.8). The consistency between the two types of waveforms is
excellent.

the waveform amplitude may develop artifacts prompted by the underly-
ing orbital frequency being small and eventually crossing zero (and thus
strongly affecting the NQC amplitude correction factor) as we found for the
(8,—0.80,0) configuration. For example, Fig. 5.7 illustrate the type of qual-
itatively incorrect features that the waveform can develop towards merger
due to the incorrect action of the NQC factor. In the figure we show, with a
red and an orange line, the amplitude and frequency for (11,—0.95, —0.50)
as generated by the model described above. The black dashed line is the bare
EOB-waveform amplitude, without the NQC factor. We have explicitly ver-
ified that €2 crosses zero also in this case. Although, as we mentioned above,
the theoretically correct way of solving this problem is to modify the spin-
orbit sector of TEOBResumS, one finds that, if the standard value Atngc =1
is increased to Atngc = 4, the weird behavior disappears and the inspi-
ral EOB waveform amplitude can be connected smoothly to the postmerger
part obtained via the global fit of the NR waveform data. The same kind
of EOB/NR inconsistency also appears for configurations with even higher
mass ratios and large, negative, spins. In some extreme situations, it can
also affect the frequency. We performed a thorough scan of the parameter
space and we concluded that a pragmatical approach to solve this problem
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is simply to impose Atnqgc = 4 for a certain sample of configurations. More
precisely, we found that the ubiquitous Atnqc = 1 should be replaced by
AtNQC = 4 when

8 <g< 11 and ya < —0.9,
11 <g< 19 and x4 < —0.8. (5.8)

Note that, despite being independent of the value of xp, such simplified
conditions allow to generate waveforms that present a sufficiently sane and
smooth behavior around the merger up to mass ratio ¢ = 20 and spins
x4 = X = £0.95. Finally, the last question is about the magnitude of the
uncertainty that one introduces by choosing Atnqc = 4 instead of Atxge =1
at the boundary of the region of the parameter space defined by Eqs. (5.7)-
(5.8). We evaluated this by (i) choosing several configurations at the inter-
face, on the (v, x4) square, and by computing F between EOB waveforms
with Atxge = 1 and Atyge = 4. We find values of F' (see Fig. (5.8)) on aver-
age around 1072, which means that having a discontinuous transition has in
fact no practical consequences. Evidently, the radical solution to this prob-
lem will eventually be to change the argument of the gyro-gravitomagnetic
functions (és,és*) as mentioned above. In this respect, we have checked
that doing so for the case (11,—0.95,—0.50) of Fig. 5.7 allows one to (i)
avoid the orbital frequency €2 crossing zero and (ii) consequently recovering
a qualitatively excellent modulus around merger simply keeping Atxqc = 1.
Since such an improved TEOBResumS model will have also to rely on a differ-
ent determination of c3 to be consistent with all NR simulations, we postpone
a detailed treatment to future work.

Finally, we test the robustness of the merger waveform provided by TEOBResumS
on several specific configurations. In Fig. 5.9 we cover that portion of the pa-
rameter space listed in Table I of Ref. [36] (and notably covered by nonpublic
SXS NR simulations). In addition, Figs. 5.10-5.11 systematically explore sev-
eral configurations corresponding to the conditions given by Egs. (5.7)-(5.8).
The figure stresses that neither the amplitude nor the frequency show any
evident pathological behavior around merger. This makes us confident that
TEOBResumS waveforms should provide a reasonable approximation to the
actual waveform for that region of the parameter space. Evidently, like the
case of (8,40.85,40.85) mentioned above, this does not a priori guarantee
that, had we at hand long NR simulations for such parameters, we would
get a phasing consistent with the numerical error, since modifications of c3



118

might be needed. However, we think that constructing a waveform without
evident pathologies is already a good achievement seen the lack of NR-based
complementary information in these corners of the parameter space.

5.3 Binary Neutron Stars

General relativity predicts that the GW signal emitted by the quasi-circular
inspiral and plunge of BNSs is a chirp-like signal qualitatively similar to
that of a BBH system, but modified due to the presence of tidal effects. At
leading PN order, the latter arise because the gravitational field of each star
induces a multipolar deformation on the companion that makes the binary
interaction potential more attractive. This means that, compared to the
pure space-time BBH process, the coalescence process is faster. Quadrupolar
leading-order tidal interactions enter the dynamics at the 5th post-Newtonian
order [227, 106, 228, 229, 157, 230]. The impact on the phase evolution,
however, is significant already at GW frequencies fgw 2 150Hz [231] and
becomes the dominant effect towards the end of the inspiral [232]. The
magnitude of the tidal interaction is quantified by a set of dimensionless
tidal polarizability coefficients for each star. The dominant one is usually
addressed in the literature as “tidal deformability” and is defined as

2 /2 R,\°
A :—k —_— .
273 Q(GM*) ’ (5-9)

where ks is the quadrupolar gravito-electric Love number (see Sec. 3.1.4 and
Chapt. 3 in general for details about the tidal phenomenology of NSs) and
(R., M,) are the NS areal radius and mass [110, 108, 233].

5.3.1 Main features

Our starting point for describing the BNS evolution up to the merger is the
model discussed in Ref. [206], where the point-mass Ay potential (formerly
denoted as A(r) and discussed in Sec. 4.2 of this thesis) is augmented by
a gravitational self-force (GSF)-informed tidal contribution [234]. Follow-
ing [157], the complete EOB potential is written as

A=Ag+ A (5.10)
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where
4

AP i) = =3 [#Pu 2407 + (A 6 B) (5.11)
=2
models the gravito-electric sector of the interaction, with v = 1/r. In the
expression above, the ¢ = 2,3, 4 tidal coupling constants are defined as

. XB XA 20+1
20+1
0 X4 ([ XB B
=2— | — k 5.12b
Kp XB ( CB ) [ ( )

in which C4 p = M4 p/Ra g are the compactness of the two stars, R4 p their
areal radii, while kf’B are the dimensionless relativistic Love numbers [227,
110, 108, 233, 231].

At leading order, tidal interactions are fully encoded in the total dimen-
sionless quadrupolar tidal coupling constant

Ky = ﬁf) + Iig). (5.13)

The above parameter is key to discovering and to interpreting EOS quasi-
universal relations for BNS merger quantities [232, 235, 236]. In GW experi-
ments, however, one often measures separately (A, AP) and the masses [237,
238, 43]. The expression relating 1 to (v, A3, AD) can be easily obtained by
inserting Eq. (5.9) into Eq. (5.13) and reads

KT (v AR AD) = gy (Af +AP) (1+3X2,)
+ (A3 — AY) Xup 3+ X35) | - (5.14)

The relativistic correction factors /lffﬂ formally include all the high PN
corrections to the leading-order tidal interaction. The particular choice of
/Al(fr) defines a particular TEOB model. For example, the PN-expanded next-
to-next-to-leading-order (NNLO) tidal model is given by the, fractionally
2PN accurate, expression

A W) =1+ 0w+ ofu? [NNLO] , (5.15)
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with a{%® # 0 computed analytically and i’y = 0 [239]. This TEOBNNLO
model has been compared against NR simulations in [240, 206]. Significant
deviations are observed during the last 2-3 orbits before merger at dimen-
sionless GW frequencies Mwyy 2 0.8, that roughly correspond to the GW
frequency of the stars’ contact.

The TEOBResum model is defined from TEOBNNLO by replacing the ¢ = 2
term in (5.15) with the expression

30,2 XAAgQ‘*‘ﬂSF X%Agﬁ)zSF
P

AT (W) =1+ (5.16)

1-— TLRU (1 — TLRU)7/2 (1 — TLRU)

where p = 4 and the functions flgﬁ)lSF(u) and A(QQJr)?SF(u) are given in [234],
obtained by fitting to numerical data from [241]. The key idea of TEOBResum
is to use as pole location in Eq. (5.16) the light ring rir(v; ff(j)) of the
TEOBNNLO model, i.e., the location of the maximum of ANNLO(r; v /{Ef))/r2.
TEOBResum is completed with a resummed waveform [8] that includes the
NLO tidal contributions computed in [157, 242, 243]. TEOBResum is consis-
tent with state-of-the-art NR simulations up to merger [206]. Consistently
with the BBH case, we here conventionally define the BNS merger as the peak
of the ¢ = m = 2 amplitude of the strain waveform. The results of [206] span
a sample of equation of states (EOS) and consequently a large range of the
tidal coupling parameters. Such results were later confirmed by Hotokezaka
et al. [244, 245]. Similarly, Ref. [246] showed that TEOBResum is consistent
with an alternative tidal EOB model that does not incorporate GSF-driven
information but instead includes a way of accounting for the f-mode oscil-
lations of the NS excited during the orbital evolution [212]. A ROM version
of TEOBResum of Ref. [206] exists [247] and it is implemented in LAL under
the name TEOBResum ROM. In conclusion, despite a certain amount of approx-
imations used to build the model, we take the tidal EOB-model of Ref. [206]
as our current best waveform approximant for coalescing nonspinning BNS
up to merger. In the next Section, we use TEOBResum as a starting point
to construct a BNS waveform model that puts together both tidal and spin
effects.

5.3.2 EOB formalism for self-spin term

The spins of the two NSs (or in general of two deformable bodies) can be
easily incorporated in the formalism of Ref. [159]. Let us describe a two-step
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procedure starting from the case where the spin-spin terms are not present.
This corresponds to posing the centrifugal radius r. = r in the framework of
Ref. [159], i.e. Eq. (4.26) above. In this case, moving from spinning BBHs to
spinning BNSs is procedurally straightforward, since the only trivial change
is to replace the point-mass potential with the tidally augmented one. The
gyro-gravitomagnetic function Gg and Gg, are the same as in the BBH case,
and are resummed taking their Taylor-inverses as discussed in [159]. A choice
needs to be made for what concerns the NNNLO effective parameter c3, that
for BBHs was tuned using NR data. Here we decide to simply fix it to
zero. The reason behind this choice is that cs is an effective correction that
depends on spin-square terms that are different in BBHs and BNSs and thus
it is safer to drop it here. We have indeed explored the effect of keeping
the BBH value of ¢3 for x4 = xg = 0.1 comparing with the BNS NR data
corresponding to the SLy EOS and 1.35M; + 1.35M;. We find that such
effect is not significant because it enters at high PN order in a frequency
regime that is not really reached in a BNS system.

For what concerns spin-spin effects, it turns out that it is very easy to
incorporate them into the EOB model at leading-order (LO) also in the
presence of matter objects like NSs®. When we talk of spin-spin interaction,
let us recall that the PN-expanded Hamiltonian is made by three terms:
the mutual interaction term, Hg,gs,, and the two self-spins ones Hg,s, and
Hg,s,. These two latter terms originate from the interaction of the monopole
mp with the spin-induced quadrupole moment of the spinning black hole of
mass m4 and vice versa. For a NS, the same physical effect exists, but the
spin-induced quadrupole moment depends on the equation of state (EOS) by
means of some, EOS-dependent, proportionality coefficient [134]. As we have
seen above, for BBHs, Ref. [159] introduced a prescription to incorporate into
the EOB Hamiltonian all three spin-spin couplings (at NLO) in resummed
form, by including them inside a suitable centrifugal radius r.. This quantity
mimics, in the general, comparable-mass case, the same quantity that can be
defined in the case of the Hamiltonian of a test particle around a Kerr black
hole. In this latter case, this takes into account the quadrupolar deformation
of the hole due to the black hole rotation. For comparable-mass binaries,
this may be thought as a way of incorporating the quadrupolar deformation

8Since the spin magnitude of each NS composing the binary is expected to be small
(x < 0.1), we may a priori expect this order of approximation to be sufficient, although
the corresponding Hamiltonian at NLO has been obtained recently with different ap-
proaches [248].
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of each black hole induced by its rotation. At LO, the definition of the
centrifugal radius of Eq. (4.26) simply reads

2
r2=r’+a; (1 + —) : (5.17)
r
where we recall that the dimensionless effective Kerr spin is
o =aa+ ap (5.18)

with a4 p = Xapxap. The use of these spin variables is convenient for
several reasons: (i) the analytical expressions for spin-aligned binaries are
nicely simplified and shorter compared to other standard notations ?; (ii)
in the large mass ratio limit Mg < My, one has that a4 becomes the di-
mensionless spin of the massive black hole of mass My ~ M, while ap just
reduces to the usual spin-variable of the particle o = Sg/(MaM3p).

Next-to-leading order spin-spin effects can be incorporated in a different
fashion depending on whether the spins are generic or aligned with the orbital
angular momentum. This is still ongoing work that needs further investiga-
tion [249]. In the case of two NSs the recipe we propose here to include
spin-spin couplings at LO is just to replace the definition of the effective spin
ao in Eq. (5.17) by the following quadratic form of a4 and ag

agy = Coad’y + 2aaap + Copit (5.19)

where Cpa and Cgp parametrize the quadrupolar deformation acquired by
each object due to its spin '°. For a black hole, Cg = 1 and in this case
Eq. (5.19) coincides with Eq. (5.18). For a NS (or any other “exotic” object
different from a black hole, like a boson star [251]) Cp # 1 and needs to
be computed starting from a certain equation of state (see below). We can
then follow Ref. [159] and the EOB Hamiltonian will have precisely the same
formal structure of the BBH case. In particular, the complete equatorial A

function entering HT reads
14 2u,
A(r,v, S, ki, Coi) = T 20 Aorp (Ue, v, i) , (5.20)

ue(u,5;,Cq1)

9Like, for example, the symmetric xs = (xa + x5)/2 and antisymmetric x5 = (xa —
XB)/2 combinations of the dimensionless spins, or Sy = Sy +Sp and ¥y = XpSp— X454
are typically used to express PN results.

10The notation C; we adopt here is mediated from Ref. [248] and we remind the reader
that this quantity is identical to the parameter a in Poisson [134] and Crg2 of Ref. [250].
It is also the same parameter called x; in Bohé et al. [75].
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where u. = 1/r. is obtained from Eq. (5.17) and (5.19) and we indicated
explicitly the dependence on the various EOS-dependent parameters. Note
that Ag is here depending explicitly on the tidal parameters k;, because this
is meant to be the sum of the point-mass A function plus the tidal part of
the potential used in Ref. [206] but everything is now taken as a function of
u, instead of u. One easily checks that, by PN-expanding the spin-dependent
EOB Hamiltonian, as given by Egs. (23), (24) and (25) of [159], the LO spin-
spin term coincides with the corresponding one of the ADM Hamiltonian
given in Eqs. (8.15) and (8.16) of [248], that in our notation just rereads as

A 1
35" = ~ g {Coay + 2aais + Contiy } (5.21)
DM
e HAPM — —a/(2ripy) using Eq. (5.19). Since at this PN order the

useful relation between the ADM radial separation rapy and the EOB radial
separation is just r = rapm, it is immediate to verify the equivalence of the
two results.

Incorporating the full LO spin-spin interaction in the waveform, including
monopole-quadrupole terms, is similarly straightforward. First, following
Ref. [159], Eq. (80) there, we recall that, for BBHs, this is done by including
in the residual amplitude correction to the (2,2) waveform a spin-dependent
term of the form

1
pggm = CESOQJZ = 5&31'2. (5.22)

The monopole-quadrupole effect is then included by just replacing a2 by dZQ
from Eq. (5.19). One then verifies that, after PN-expanding the resummed
EOB flux, the corresponding LO spin-spin term coincides with the LO term
for spin-aligned, circularized binaries, given in Eq. (4.12) of Ref. [75]. Such
Newton-normalized, spin-spin flux contributions, once rewritten using the
(@1, @y) spin variables, just gets simplified as

A 1 31 1
FE = {aA (E + 2CQA) + g Gads + a; <E + 2CQB) }:1;2, (5.23)

so that the A «+ B-symmetry is apparent!!. This can be obtained by directly
expanding the EOB-resummed flux as defined in Ref. [159]. Actually, for this

1To obtain this result from Eq. (4.12) of Ref. [75] we recall the connection between the
notations and spin variables: x; = Cg;; k+ = katkp; Se = Xgaa+Xpap; Xp =ap—aa;

0=Xa—Xp=+v1—4vand thus X4 = (1 4+ /1 —4v)/2
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specific calculation, it is enough to consider the (2,2) and (2,1) waveform
modes, the first at LO in the spin-spin and spin-orbit interaction, while the
latter only at LO in the spin-orbit interaction. The corresponding residual
amplitudes, taken from Egs. (79), (84), (86), (89) and (90) of [159], read

P22 = P55 + pha, (5.24)
2 ~,
Xapfo = Xap (05°) + f31, (5.25)

where p3, is assumed here to incorporate only the LO spin-orbit and spin-spin
contribution

= g+
N X 1
—_ | + AB (a4 —ap) 232 4 —d2Q$2» (5.26)
2 6 2
- 3 5
f3 = —=(as —ag). (5.27)

2

One verifies that, by keeping the orbital terms consistently, using these ex-
pressions in Eq. (74) and (75) of [159], one eventually obtains Eq. (5.23)
above. As a further check, we have also verified that the use of Eq. (5.19) is
also fully consistent with the calculation of the multipolar waveform ampli-
tude hgo that was done by S. Marsat and A. Bohé and kindly shared with us
before publication [252].

At this stage, we have a complete analytical model that is able to blend,
in a resummed (though approximate) way spin and tidal effects. The model
is complete once all the EOS dependent information, schematically indi-
cated by A is given. More precisely, the procedure is as follows: for a given
choice of the EOS, one fixes the compactness C (or the mass of the NS),
which defines its equilibrium structure. Then, following Ref. [108] (see also
Refs. [110, 233, 231]), one computes the corresponding dimensionless Love
numbers (ko, k3, k4) as they appear in the EOB potential. At this stage, the
only missing piece is the EOS-dependent coefficient Cy for the two objects.
Luckily, this can be obtained easily by taking advantage of the so-called I-
Love-Q quasi-universal relations found by Yunes and Yagi [253, 137], that
are listed in Table 3.1. We remind to the reader that Cg is 1 for a BH but
it is larger for a NS, depending on the EOS one is expecting a relevance of
the monopole-quadrupole interaction terms. This was already pointed out
by Poisson long ago [134] and more recently by Harry and Hinderer [135].
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5.3.3 Comparison with NR data

We verify the accuracy of TEOBResumS against error-controlled NR waveforms
obtained from the evolution of spinning and eccentricity reduced initial data
using multiple resolutions. Initial data are constructed in the constant ro-
tational velocity formalism using the SGRID code [254, 255]. The residual
eccentricity of the initial data is reduced to typical values e ~ 1072 — 1074
following the procedure described in [256]. The main properties of the BNS
configurations discussed in this work are listed in Table 5.3. The initial
data are then evolved with BAM [257, 258] using a high-order method for the
numerical fluxes of the general-relativistic hydrodynamics solver [259].

The BAM waveforms employed here were produced and discussed in [260,
261]. We perform multiple resolution runs, up to grid resolutions that allow
us to make an unambiguous assessment of convergence. We find a clear
second order convergence in many cases and build a consistent error budget
following the convergence tests [259]. For this work we additionally checked
some of the waveforms by performing additional simulation with the THC
code [262, 263]. The comparison with an independent code allows us to check
some of the systematics uncertainties that affect BNS simulations [240, 262,
263]. We find that the two codes produce consistent waveforms. Results are
summarized in Appendix D of Ref. [1].

Figures 5.12 and 5.13 illustrate EOB/NR phasing comparison. The EOB
waveforms are aligned, fixing a relative time and phase shift, to the NR
ones in the inspiral region marked by two vertical lines on the left panels
that correspond to the same frequency interval (wr,wgr) on both the EOB
and NR time series [264]. The alignment frequency intervals are (wr,wg) =
(0.039,0.05) for BAM:0095; (0.0365,0.045) for BAM:0039 and (0.038,0.05)
for BAM:0064. The shaded areas in the top panels mark the NR phasing
uncertainty as estimated in Appendix D of Ref. [1]. For reference, the green,
vertical line indicates the time at which the 700 Hz frequency is crossed.
The figure clearly illustrates that: (i) EOB and NR waveforms are fully
compatible up to our conventionally defined merger point, the peak of the
|has| waveform amplitude, over the full range of values of k2 considered as
well as for spins. Interestingly, the leftmost panel of Fig. 5.12 also shows
that the EOB-NR phase difference towards merger is acceptably small (<
1 rad), but also significantly larger than the NR uncertainty. This illustrates
that, for the first time, our NR simulations are finally mature to inform the
analytical model with some new, genuinely strong-field, information that can
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be extracted from them. The figures show that for the EOB dynamics, we
typically underestimate the effect of tides in the last orbit, since the phase
of the NR data is evolving faster (stronger tides). However, the opposite
is true for BAM:0095. This result is consistent with the ones of Ref. [206]
for the same physical configuration (but different simulations, leftmost panel
of Fig. 3) where one had already the indication that for compact NS, tidal
effects could be slightly overestimated with respect to the corresponding NR
description. Informing TEOBResumS with the BAM simulations is outside the
scope of the current work. However, we want to stress that this is finally
possible with our improved simulations.

5.4 Contribution of self-spin terms to BINS
inspiral

Now that we could show the consistency between the TEOBResumS phasing
and state-of-the art NR simulations, let us investigate in more detail the ef-
fect of spins on long BNS waveforms as predicted by our model. First of all,
let us recall that inspiralling BNS systems are not likely to have significant
spins. The fastest NS in a confirmed BNS system has dimensionless spins
~ 0.04 [265]. Another potential BNS system has a NS with spin frequency
of 239 Hz, corresponding to dimensionless spin 0.2. The fastest-spinning,
isolated, millisecond pulsar observed so far has x = 0.04 [265]. However, it
is known that even a spin of 0.03 can lead to systematic biases in the esti-
mated tidal parameters if not incorporated in the waveform model [266, 267].
Those analyses are based on PN waveform models. A precise assessment of
these biases using TEOBResumsS is given in Chapters 6 and 7. Since the most
important theoretical novelty of TEOBResumS is the incorporation of self-spin
effects in resummed form, our aim here is to estimate their effect in terms of
time-domain phasing up to merger 2, notably contrasting the TEOBResumS
description with the standard PN one.

Before doing so, let us mention that LO, PN-expanded, self-spin terms [134]
in the TaylorF2 inspiral approximant (see Sec. 2.7 for details) have been
used in parameter-estimation studies by Agathos et al. [238], and, more re-
cently, by Harry and Hinderer [135]. The LO term (2PN accurate) to the

12Note that it is currently not possible to reliably extract self-spin information from
numerical simulations [268, 260].
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frequency-domain phasing was originally computed by Poisson [134]. Cur-
rently, EOS-dependent, self-spin information is computed in PN theory up to
3.5PN order, so that one can have the corresponding 3.5PN accurate terms
in the TaylorF2 approximant. Let us explicitly review their computation.
Given the Fourier transform of the quadrupolar waveform as

hos = A(f)e W), (5.28)

the frequency domain phasing of the TaylorF2 waveform approximant, that
assumes the stationary phase approximation, is obtained solving the inte-
gral given by Eq. (3.5) of Ref. [99], that here is given by Eq. (2.195). The
Cgi-dependent quadratic-in-spin energy and flux available in the literature
at 3.5PN, the maximum PN order actually known in this particular case, are
given in Refs. [76] and [75] respectively, where their notation x4 corresponds
to ky = Cga + Cgp and k_ = Cga — Cgp. It is important to stress that in
Ref. [248] a circularized spin-spin Cg;-dependent Hamiltonian, equivalent to
the Multipolar post-Minkowskian (MPM) result of Ref. [76] (see their Ap-
pendix D), was computed via effective field theory (EFT) techniques. From
Eq. (2.195), by taking into account all the orbital pieces at the consistent
PN order [269, 270, 271, 147, 64], one gets that the self-spin contribution is
given by the sum of an LO term (2PN) [134], an NLO term (3PN) and a LO
tail'® term (3.5PN)

WEY = WO N g (5.20)

The LO tail term is computed here for the first time. It was obtained by
expanding, at the corresponding PN order, the EOB energy and flux adapting
the procedure discussed in [11]. These three terms explicitly read

75 _ _ w\ —1/3

WEHO =~ (#3Caa + #5Can) <§> , (5.30)

1 45 15635 N -

\DSPéV’NLO — ; [(EV + W) (C’QAai + CQBCLQB)

2215 _ 5 w 1/3

+ 5TX,cua(CQAarﬁx - CQBCL2B):| <§> , (5.31)
ai (3P - wH 2/3

Vg™ = e (a%Cqa + abCqp) <§> : (5.32)

13See Refs. [154] and [24] for a physical insight to memory and tail effects in gravitational
radiation.



128

where w = 27 M f denotes the circularized quadrupolar gravitational wave
frequency.

To quantitatively investigate the differences between the PN-expanded
and EOB-resummed treatment of the self-spin contribution to the phase,
it is convenient to use the quantity Q, = w?/w, where w = w(t) is the
time-domain quadrupolar gravitational wave frequency, w = d¢/dt, where
o(t) = ¢9a(t) is the phase of the time-domain quadrupolar GW waveform
hao(t) = A(t)el?22®) This function has several properties that will be useful
in the present context. First, its inverse can be considered as an adiabatic pa-
rameter €,qia, = 1/Q. = w/w? whose magnitude controls the validity of the
stationary phase approximation (SPA) that is normally used to compute the
frequency-domain phasing of PN approximants during the quasi-adiabatic
inspiral. Thus, the magnitude of @), itself tells us to which extent the SPA
delivers a reliable approximation to the exact Fourier transform of the com-
plete inspiral waveform, that also incorporates nonadiabatic effects. Let us
recall [243] that, as long as the SPA holds, the phase of the Fourier trans-
form of the time-domain quadrupolar waveform W(f) is simply the Legendre
transform of the quadrupolar time-domain phase ¢(t), that is

W(f) = 2mfty - olty) — /4, (5.33)

where t; is the solution of the equation w(t;) = 2rf. Differentiating twice
this equation one finds ,
AV (w
VD o, (5.34)
where we identify the time domain and frequency domain circular frequen-
cies, i.e., wy = w(t). Second, the integral of @), per logarithmic frequency
yields the phasing accumulated by the evolution on a given frequency interval
(wL,wR), that is

W

WR
A¢(wL,wR)E/ Qudlogw. (5.35)
WL

Additionally, since this function is free of the two “shift ambiguities” that
affect the GW phase (either in the time or frequency domain), it is perfectly
suited to compare in a simple way different waveform models [272, 272, 240,
215, 206]. Then, the self-spin contribution to the PN-expanded @, is given
by three terms

QPNSS — @SSento | @SSeNaNLo QESPN““, (5.36)
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that are obtained from Egs. (5.30)-(5.32) and read

QESPN,LO _ _% (diCQA I CNLQBOQB) (g) —1/3’ (5'37)

QurrNNLo — —% Kgy + %) (Cqad’y + Copag) (5.38)
+ %XAB(CQACN& - CQBELJQB)} (%)1/3 ,

SSpmemit %w (@4Coa + a3Con) <§>2/3 . (5.39)

The corresponding function in TEOBResumS, Q TEOBResumS,SS i computed,
in the time domain, as follows. We perform two different runs, one with
Cgi # 0 another with Cg; = 0. In both cases we compute the time-domain
Q. and finally calculate

TEOBResumsS,SS__ TEOBResumSCQi;,gO TEOBResumSCQi:O 540
Qw = Ww — W . ( . )

Although the procedure is conceptually straightforward, since it only re-
quires the computation of numerical derivatives of the time-domain phase
¢(t), there are technical subtleties in order to obtain a clean curve to be
compared with the PN results. First of all, any oscillation related to residual
eccentricity coming from the initial data, though negligible both in ¢(t) or
w(t), will get amplified in @, making the quantity useless. To avoid this
drawback, the use of the 2PA initial data of Ref. [215], discussed in detail
in Appendix C of Ref. [1], is absolutely crucial. Second, in order to explore
the low-frequency regime one has to get rid of the time-domain oversam-
pling of the waveform, since it eventually generates high-frequency (though
low-amplitude) noise in the early frequency part of the curve. To this aim,
the raw time-domain phase ¢(t) was suitably downsampled (and smoothed).
Since the time-domain output of TEOBResumS is evenly sampled in time (but
not in frequency) such procedure had to be done separately on different time
intervals of the complete signal (e.g. starting from 20Hz) that are then joined
together again.

The outcome of this calculation is represented, as a black line, in Fig. 5.14.
As case study, we selected the BAM:0095 configuration of Table 5.3 with
xa = xB = 0.1. To orient the reader, the vertical lines correspond to 400Hz,
700Hz and 1kHz. The figure illustrates two facts: (i) the EOB-resummed
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representation of the self-spin phasing is consistent, as it should, with the
PN description when going to low-frequencies and (ii) it is stronger during
most of the inspiral (i.e. more attractive). More detailed analysis of the
self-spin effects in comparison with the various PN truncations displayed
in the figure are discussed in Sec. VI of Ref. [209], to which we address
the interested reader. One important information enclosed in the figure is
that the difference between the EOB and NLO (3PN) description of self-spin
effects is nonnegligible. It is likely that most of this difference comes from the
bad behavior of the PN-expanded NLO term. Note in fact that Q5 """ has
a quite large coefficient, 15635/4032 ~ 4, (see Eq. (5.38)), that, e.g. at Mw ~
0.04, eventually yields a contribution that is comparable to the LO one in the
PN series. For this reason, we are prone to think that the EOB description
of self-spin effects, even if it is based only on the (limited) LO self-spin term,
is more robust and trustable than the straightforward PN-expanded one.
Clearly, to finally settle this question we will need to incorporate in the EOB
formalism, through a suitable C;-dependent expression of the da* given in
Eq. (4.28), EOS-dependent self-spin effects at NLO. This will be discussed
extensively in a forthcoming study.

5.5 Case study: Parameter estimation of GW150914

We test the performance and faithfulness of our waveform model in a realistic
setting by performing a parameter estimation study on the 4096 seconds
of publicly available data for GW150914 [273]. To do so efficiently, we do
not iterate on the NQC parameters, so that the generation time of each
waveform from 20 Hz is ~ 40 ms using the C++ version of TEOBResumS.
This worsens a bit the SXS/TEOBResumS unfaithfulness, as we illustrate in
Fig. 5.15, though the model is still compatible with the max F ~ 1% limit
and below the 3% threshold. The largest value of F' is in fact max F' ~ 0.018,
that is obtained for (1,+40.40,+0.80). We define 6 as the vector of physical
parameters necessary to fully characterize the gravitational wave signal. For
TEOBResumS and binary black hole systems, these are the component masses
(M4, Mp), their dimensionless spin components (x4, xz) along the direction
of the orbital angular momentum, the three-dimensional coordinates in the
Universe — sky position angles and luminosity distance —, polarization and
inclination angles, and finally time and phase of arrival at the LIGO sites.
We operate within the context of Bayesian inference; given k time series of k
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detectors’ data d, we construct the posterior distribution over the parameters
0 as

p(dl,...,dkw, H,[)
p(dlaadk’Haj)

where we defined our gravitational wave model — TEOBResumS — as H and
I represents all “background” information which is relevant for the infer-
ence problem!. For our choice of prior distribution p(0|H, I), we refer the
reader to Ref. [44]. Finally, we choose the likelihood p(ds, ..., dx|0, H,I) to
be the product of k wide sense stationary Gaussian noise distributions char-
acterised entirely by their power spectral density, which is estimated using
the procedure outlined in Ref. [273]. We sample the posterior distribution
for the physical parameters of GW150914 using the Python parallel nested
sampling algorithm in [274]. The cpnest model we wrote is available from
the authors on request. In Table 5.4 we summarize our results by reporting
median and 90% credible intervals. These numbers are to be compared with
what reported in Table I in Ref. [44] and Table I in Ref. [275]. We also list
them in the last column of Table 5.4 for convenience. As examples, we show
the whitened reconstructed waveforms in Fig. 5.16 and the M and mass ratio
posterior distribution in Fig. 5.17. We find our posteriors to be consistent
with what published by the LIGO and Virgo collaborations, albeit our in-
ference tends to prefer higher values for the mass parameters. However, no
statistically significant difference is found. We find that TEOBResumS is fit to
perform parameter estimation studies and that on GW150914 it performs as
well as mainstream waveform models.

pOldy, ... dp, H,I) = p(0]H,I)

(5.41)

5.6 Selected comparisons with SEOBNRv4 and
SEOBNRv4T

To complement the above discussion, let us collect in this section a few
selected comparisons between TEOBResumS and the only other existing state-
of-the-art NR-informed EOB models SEOBNRv4 and SEOBNRvAT [36, 212, 213,
214], that are currently being used on LIGO/Virgo data. The tidal sector of
the SEOBNRvAT model has been recently improved so as to also include EOS-
dependent self-spin terms in the Hamiltonian, though in a form different

For instance, the assumption of stationary Gaussian detector noise is hidden in the
definition of I.



132

from ours, and will be discussed in a forthcoming publication. For the BBH
case, our Fig. 5.1, when compared with Fig. 2 of [36], points out the excel-
lent compatibility between the two models at the level of unfaithfulness with
the SXS catalog of NR simulations, although the information (or calibra-
tion) of the model was done in rather different ways. For SEOBNRv4 it relies
on monitoring a likelihood function that combines together the maximum
EOB/NR faithfulness and the difference between EOB and NR merger times
(see Sec. IVB of [36]). By contrast, the procedure of informing TEOBResumS
via NR simulations relies on monitoring the EOB/NR phase differences and
choosing (with a tuning by hand that can be performed in little time without
the need of a complicated computational infrastructure, as explained in de-
tail in [37]) values of parameters such that the accumulated phase difference
at merger is within the SXS NR uncertainty obtained, as usual, by taking
the phase difference between the two highest resolutions. This is possible
within TEOBResumS because of the smaller number of dynamical parameters,
ie. (a§,cs3), and the rather “rigid” structure that connects the peak of the
(pure) orbital frequency with the NQC point and the beginning of ringdown,
Eq. (4.49).

Once this is done, and in particular once one has determined a global
fit for c3, the EOB/NR unfaithfulness is computed as an additional cross
check between waveforms. Here we want to make the point that, even if
the models look very compatible among themselves from the phasing and F'
point of view, they may actually hide different characteristics. As a concrete
example, we focus on the (effective) photon potential function A/r?, where A
is the EOB central interaction potential. In the test-particle (Schwarzschild)
limit, A = 1 — 2/r and A/r? peaks at the light ring r = 3, which approxi-
mately coincides with (i) the peak of the orbital frequency; (ii) the peak of
the Regge-Wheeler-Zerilli potential; (iii) the peak of the £ = m = 2 wave-
form amplitude [167]. The location of the effective light ring (or the peak
of the orbital frequency) is a crucial point in the EOB formalism, since, as
in the test-particle limit, it marks the beginning of the postmerger wave-
form part eventually dominated by quasi-normal mode ringing. We recall
that TEOBResumS and SEOBNRv4 resum the A potential in different ways: it
is a (1,5) Padé approximant for TEOBResumS, while it is a more complicated
function resummed by taking an overall logarithm for SEOBNRv4 [276]. More-
over, while TEOBResumS includes a 5PN-accurate logarithmic term, SEOBNRv4
only relies on 4PN-accurate analytic information. In addition, both func-
tions are NR-modified by a single, v-parametrized function that is deter-
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mined through EOB/NR phasing comparison. This is the 5PN effective
correction a§(v) mentioned above for TEOBResumS and the function Ky(v)
for SEOBNRv4. Explicitly, we are using af(v) = 3097.3v? — 1330.6v + 81.38
and Ky = +267.788247v3 — 126.686734v% + 10.257281v + 1.733598. As a
first comparison, we plot in Fig. 5.18 the ¢ = 1 effective photon potential.
Right to the point, the figure illustrates that the two potentials are nicely
consistent among themselves, although the structure close to merger is dif-
ferent. The figure also includes the potential of the SEOBNRv2 model [31],
a model that has been used on GW150914 and that was characterized by
Ko = 103.202—39.7712—1.804v+1.712. Interestingly, the plot shows that the
*xv4 potential peak is closer to the TEOBResumS one than the *v2 one. This
finding deserves some mention for several reasons. First, the TEOBResumS
nonspinning A function behind the photon potential of Fig. 5.18 was NR-
informed in Ref. [34] with the same nonspinning SXS NR simulations used
for SEOBNRv2 (plus a ¢ = 10 dataset that became available after Ref. [31]).
Second, SEOBNRv2 uses only linear-in-v 4PN information [152, 155] while
SEOBNRv4 uses the full 4PN information [271, 270], as for TEOBResumS. How-
ever, to our understanding, the SEOBNRv4 potential was also calibrated using
more nonspinning NR simulations (notably with ¢ 2 1) than for SEOBNRv2
(see Ref. [36]) and TEOBResumS. This suggests that the TEOBResumS potential
seems able to naturally incorporate some amount of strong-field information
that needs to be extracted from NR when a SEOBNRv*-like [276] potential
is employed. These findings merit further investigation.

In Fig. 5.19 we display the same comparison (though after omission of
the SEOBNRv2 curve) for different mass ratios, ¢ = (1,2, 3,4, 6, 18). One sees
that both TEOBResumS and SEOBNRv4 curves are smoothly and consistently
connected to the Schwarzschild case. This accomplishes the basic paradigm
of the EOB formalism that the dynamics of the two-body problem is a con-
tinuous deformation of the dynamics of a test-mass on a Schwarzschild black
hole [28, 29], so that this limit should be properly incorporated by construc-
tion in the model and should be preserved by the addition of NR information.
However, the way the Schwarzschild limit is reached is rather different in the
two models. This is highlighted very well by the markers in Fig. 5.19. These
markers indicate the location of the effective light-ring, ri g, that is shown,
versus v, in Fig. 5.20. The figure highlights that, while the rpr(v) is approx-
imately linear for TEOBResumS (i.e. the Schwarzschild light-ring is reached at
constant speed in the space of the nonspinning configurations parametrized
by v) the behavior of the corresponding quantity in SEOBNRv4 is more com-
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plicated, notably it is not monotonic in . This is not necessarily a problem
from the practical point of view of generating NR-calibrated waveforms that
are consistent with NR simulations. However, from the theoretical point of
view, this suggests a slight inconsistency within the model, because the lo-
cation of rpr for v = 0.25 is the same as for v =~ 0.09. A priori, as it was
pointed out in the foundation of the EOB model [29, 141], one would ex-
pect that the location of the LR is simply monotonically pushed to smaller
radii (i.e. higher frequency) due to the repulsive effect of the higher PN
v-dependent corrections that exist both at 2PN and at 3PN order. This is
also suggested by NR simulations, where one finds that the GW frequency
at merger (that in the EOB formalism is connected with the peak of the ef-
fective photon potential) is monotonically growing with v (see e.g. Fig. 3 of
[277]). By contrast, TEOBResumS seems to consistently incorporate this fea-
ture by construction, even with the NR-informed function af(v). However,
one sees that r g(v) is a quasi-linear function, though not exactly a straight
line. This suggests that it would be interesting to investigate to which ex-
tent one can take it as a straight line (since it depends on a§) and how this
influences the EOB/NR phasing performances. We hope to address these
questions in future work. As a last remark, we note that one can just plug
the SEOBNRv4 A interaction potential within the TEOBResumS infrastructure
and, without changing anything else in the model, see whether or not the
differences of Fig. 5.19 reflect on the waveform. It is easily found that, espe-
cially when ¢ > 1, the dynamics yielded by the two NR-informed potentials
are rather different (and somehow not compatible), non-negligibly affecting
the phasing. A detailed comparison of these aspects is interesting, and will
be possibly undertaken in future work.

As additional comparison between different EOB-based waveform mod-
els, we also computed the faithfulness (or match) F' between TEOBResumS and
SEOBNRvAT, i.e., the tidal version of SEOBNRv4 [212, 213]. It has to be no-
ticed that SEOBNRvAT is conceptually different from TEOBResumS in that the
effects of enhancement of the tidal interaction due to couplings with the in-
ternal oscillation f-mode of the stars is incorporated in the model [229, 213].
In addition, it also includes EOS-dependent spin-spin terms, though not in
the resummed form involving the centrifugal radius [214]. As above, the
match here is the overlap maximized over the time (time shift) and fiducial
constant phase . The comparison was done in the part of the parame-

5 Note that, due to an incorrect flag, these results were obtained omitting, in
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ter space that we expect to be astrophysically more relevant, namely, we
randomly draw parameters from the uniform distributions in the mass ratio
My/Mpg € [1,2], the heaviest mass M4 € [1,3] M, the spins (along orbital
angular momentum) x4 5 € [—0.15,0.15], and the tidal parameters for each
body Aap € [2,1600]. Each waveform is computed from a nominal initial
frequency of 40 Hz. The most representative results are given in Fig. 5.21
where we show the points drawn in the (A4, M,) and (Ag, Mp) planes. The
match values, that are very high, are color-coded. The lowest match value
found is 0.9898.

To better clarify the meaning of Fig. 5.21 with complementary infor-
mation, we also depict in Fig. 5.22 the direct time-domain comparison be-
tween the two waveforms corresponding to the lowest match value, F' =
0.9898. The parameters of this binary are M, = 2.99173181168, Mg =
1.54656708774, xa = —0.00403135733793, x5 = 0.104676230478, A% =
1595.82370308, A% = 410.054257357. The corresponding values the spin-
induced quadrupoles are Cgyq = 8.47884798 and Cgp = 5.56870361. The
top panel of Fig. 5.22 shows the two h, waveforms without any relative time
and phase shift. This is instead done in the bottom panel, with these shifts
dictated by the match calculation. One notes that, although the initial GW
frequency of the wave is chosen to be 40 Hz for both models (and the waves
seem to consistently start in the same way) the initial conditions between
the two models are different, as highlighted in Table 5.5. This difference
comes from the relation that connects the initial frequency fy to the initial
radius rg. For TEOBResumS, for simplicity, one is using the simple (though
approximate in this context) Newtonian Kepler’s law

—2/3
ro = (WfMG) . (5.42)

3

On the contrary, SEOBNRvAT correctly recovers ry from Hamilton’s equations
(see Eqs. (4.8)-(4.9) of Ref. [279]). The difference in 7y is then responsible
for the difference in the other phase-space variable, that is mostly behind
the accumulated time-domain relative dephasing between the two waveforms
highlighted in Fig. 5.22. By contrast, what is not relevant for this case
is the fact that, while TEOBResumS implements 2PA initial data [166, 215]

TEOBResumS, the 3PN v-dependent, spin-independent, terms in p3; and ps3 as computed
in Ref. [278]. These terms were however correctly included to obtain all other results
presented so far.
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SEOBNRvAT only uses the post-adiabatic (PA) approximation [29]. Note that
the effect of the 2PA correction is very small at 40 Hz, since pgrc is only
changed at the 7th decimal digit (see first row of Table 5.5). The last row
of Table 5.5 illustrates that, if fy is slightly changed so to compensate for
the relativistic corrections that are not included in Eq. (5.42) and make
TEOBResumS start at the same initial radius of SEOBNRv4T, the fractional
difference between the angular momenta is ~ 1077 and between the radial
momenta is ~ 107*. The TEOBResumS waveform corresponding to the last row
of Table 5.5 is now largely more consistent with the SEOBNRvVAT even without
time and phase alignment (see bottom panel of Fig. 5.22). The corresponding
value of the match remains unchanged.

Since the C++ implementation of TEOBResumS that was used in [210]
was setting up the initial conditions using the simplified relation given by
Eq. (5.42) above, we have decided not to modify it in the publicly available
version of this code (see Appendix E of Ref. [1]). By contrast, we are using a
more correct relation between frequency and radius in the corresponding C
implementation of TEOBResumS: the radius is obtained by solving Eq. (4.30a)
for a given orbital frequency (assumed to be half of the nominal initial gravi-
tational wave frequency). In this way, we can greatly improve the agreement
with the corresponding SEOBNRvA4T initial conditions. As an example, con-
sidering the case discussed above and detailed in Table 5.5, the initial radius
obtained in this way is found to be ry = 50.296014.

5.7 An extreme BBH configuration: (8,—0.90,0)

The SXS:BBH:1375 [280] dataset of the SXS collaboration with (8, —0.90,0)
is very interesting because it allows us to test TEOBResumS in the most dif-
ficult region of the parameter space (i.e., when the spins are anti-aligned
with the orbital angular momentum) and, notably, it is marginally outside
the portion covered by the BAM simulations of Table 5.2 for ¢ = 8. In fact,
it has S = —0.7111, to be compared with S = —0.6821 corresponding to
(8,—0.85,—0.85). The phasing comparison is illustrated in Fig. 5.23. We
remark the following. First, one sees that the phase difference (blue line)
oscillates around zero. This oscillation reflects the residual eccentricity of
the SXS waveform. Though it is rather small (i.e. ~ 1.1 x 1073) it is visible
because the TEOBResumS waveform is started with essentially eccentricity free
initial data because of the 2PA approximation (see Appendix C of Ref. [1]).
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Second, the two waveforms dephase of about 1 rad up to the NR merger,
with the TEOBResumS plunging slightly slower than the SXS one. The phys-
ical meaning of this plot is, for example, that the spin-orbit coupling in
TEOBResumS is not strong enough. In our current framework, this is under-
stood as that the value of ¢3 deduced by fitting the choices of Table 5.1 might
be (slightly) too large. Before pushing this reasoning further, let us focus on
Fig. 5.24, that illustrates the nice agreement between the frequency and am-
plitude when the two waveforms are aligned around merger, on a frequency
interval (0.2,0.3).

Note in passing that the oscillation in the frequency is physical and is
due to the beating between positive and negative frequency quasi-normal-
modes [281]. This well-known feature is currently not included in the EOB
model. As a last check, we computed, as usual, the EOB/NR unfaithfulness,
Fig. 5.25. One finds that max (F) = 0.001027. This makes us conclude
that, even if the time-domain analysis suggests that the value of c¢3 should
be slightly reduced, we are not going to do it now since the value of F is
already one order of magnitude smaller than the usual target of 0.01.

5.8 Black-hole — Neutron-star binaries

In this section we discuss the performances of TEOBResumS for the descrip-
tion of BH-NS waveforms. We stress that the model has not been devel-
oped for this type of waveforms and that this comparison is preliminary
to a forthcoming investigation. We focus on the two public SXS datasets
BHNS:0001 and BHNS:0002 that refer to a ¢ = 2 and ¢ = 6 nonspinning bi-
naries where the NS is described by a I' = 2 polytropic EOS with K = 101.45
and K = 92.12 respectively. The dimensionless Love numbers are ky34 =
(0.07524,0.0220429, 0.0089129) and ko 5 4 = (0.0658832,0.01873168, 0.007341026)
and the NS compactness Cg = 0.144404 and Cp = 0.1563007. The cor-
responding tidal parameters are Ag3, = (470.8450,1095.9415,2511.5797)
(BHNS:0001) and Ay 34 = (798.8698,2244.6773,6217.96765) (BHNS:0002).
The values of the tidal coupling constant are 2 = 0.50426 for BHNS:0001
and kI = 19.725 for BHNS:0002. Given the very small value of s for
BHNS:0001, and following the reasoning of Ref. [157] (see discussion related
to Table I), we expect that dataset to behave essentially like a BBH binary
with the same mass ratio.

Let us focus first on the ¢ = 2 binary, BHNS:0002 Fig. 5.26. This
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binary dynamics is characterized by tidal disruption that suppresses the
ringdown oscillation after merger. The left panel of the figure illustrates
that TEOBResumS with tides and no NQC' captures well the waveform up to
merger, with a phase difference of ~ —0.3 rad there. The “glitch” around
u/M ~ 1300 is in the Lev3 NR data (notably not in the Lev2 ones), it is
perhaps due to a re-gridding, but it is not relevant for our comparison. The
phase uncertainty at merger, estimated by just taking the difference between
Lev3 and Lev2 resolutions [192], is of the order of 0.1 rad. This is of the
order of the error budget at merger estimated in Ref. [212], see Fig. 2 and
Fig. 3 there, that is of the order of +0.5 rad. Hence, the BHNS waveform
obtained with TEOBResumS with tides is in agreement with the NR data up
to NR merger. Our result is comparable to those presented in Ref. [212], but
we stress here that we do not use NQC-calibration and that the model only
depends on the single parameter af(v) informed by BBH data; TEOBResumS
is not fed by any strong-field information extracted from the BHNS:0002.

Figure 5.27 refers to the BHNS binary with larger mass ratio, ¢ = 6.
To our knowledge, this is the first time an EOB/NR comparison is done
for this dataset, as it was not included in Refs. [212, 213]. The phasing
analysis (left panel of Fig. 5.27, alignment in the early inspiral) is telling
us that the EOB/NR phase difference is around —1.6 rad at NR merger.
The right panel illustrates that the TEOBResumS tidal waveform (red lines)
is sane, notably with value of the merger amplitude very close to the NR
one. On the same right panel we also superpose the ¢ = 6 BBH TEOBResumS
amplitude and frequency (orange lines). This waveform has no tidal effects,
but it is completed by NQC and postmerger-ringdown. Once the TEOBResumS
BBH waveform is aligned to the SXS, see Fig. 5.28 one appreciates the high
compatibility between the two waveforms during the plunge and merger,
consistently with the analytical understanding that a BHNS system with
ki = 0.50426 is almost a BBH binary. This brings also us to the conclusion
that most of the EOB/NR dephasing found in the phasing comparison of
Fig. 5.27 is very likely not physical, but of numerical origin. Due to the lack
of different resolutions in the SXS catalog (notably the Lev2 dataset was
incomplete) we could not compute and estimate of the numerical error on
the BHNS:0001 waveform.

We conclude that the current design of TEOBResumS is very robust and
does not lead to unphysical features in extreme regions of the binary pa-
rameters. Hence, TEOBResumS is a good starting points for future BH-NS
development. We also suggest that, lacking an accurate model for BH-NS,
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TEOBResumS can be used for the analysis of BH-NS by turning on tides in
the regime 1 < ¢ < 4 — 6 while simply using the BBH waveform for larger
mass-ratios.



140

Table 5.1: First-guess values of c3 compared with the values obtained from
the interpolating fit for the sample of 27 SXS NR datasets used to construct
the fit itself. The last column also lists the spin combination S, helpful in
characterizing the gravitational wave frequency at merger.

# (4, x4, x8B) g™ A A/ %] S

1 (1,-0.95,—-095)  93.0 9231 0.75 —0.4750
2 (1,-0.90,-0.90)  89.0 89.44  -0.49 —0.4500
3 (1,-0.80,—0.80)  83.0 83.78  -0.93 —0.4000
4 (1,-0.60,—0.60) 735 7283 0.92 —0.3000
5 (1,-0.44,-044) 64 64.45  -0.70 —0.2200
6 (1,40.20,4+0.20) 35 3485  0.43 +0.1000
7 (1,40.60,+0.60)  20.5 20.17  1.64 ++0.3000
8 (1,40.80,+0.80) 135 14.15  -4.59 +0.4000
9 (1,+0.90,40.90) 115 1152 -0.17 +0.4500
10 (1,40.99,40.99) 9.5 9.39 1.17 +0.4950
11 (1,+0.994,+0.994) 9.5 9.30 2.15 +0.4970
12 (1,-0.50,0) 61.5 56.62  8.62 —0.1250
13 (1,+0.90,0) 25.5 2233 1420  +0.2250
14 (1,40.90,40.50)  17.0 15.73  8.07 +0.3500
15 (1,+0.50,0) 32.0 3120  2.56 +0.1250
16 (1.5,—0.50,0 62.0 57.97  6.95 —0.1800
17 (2,40.60,0) 29.0 2671 857 +0.26

18 (2,40.85,40.85)  15.0 14.92  0.54 +0.472
19 (3,-0.50,0) 63.0 61.15  3.03  —0.28125
20 (3,-0.50,—0.50)  70.5 66.63  5.81 ~0.3125
21 (3,+0.50,0) 28.0 28.02  -0.07  +0.28125
22 (3,40.50,+0.50)  26.5 2444 843 +0.3125
23 (3,40.85,+0.85) 165 1438 14.74  +0.53125
24 (5,-0.50,0) 62.0 59.84  3.61 —0.3472
25 (5,+0.50,0) 30.5 2001  5.14 +0.3472
26 (8,—0.50,0) 57.0 56.48  0.92 —0.3951
27 (8,40.50,0) 35.0 33.68  3.92 +0.3951
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Table 5.2: Portion of the parameter space covered by BAM NR simulations.

# (¢, xa,x8) S

1 (2,4+0.75,+0.75)  0.4167
2 (2,40.50,4+0.50) 0.2778
3 (3,+0.50,4+0.50) 0.3125
4 (4,40.75,+0.75)  0.51

5 (4,+0.50,4+0.50)  0.34
6  (4,+0.25,4+0.25)  0.17
7 (4,0,0) 0

8 (4,-0.25,—-0.25) —0.17
9  (4,-0.50,—-0.50) —0.34
10 (4,-0.75,-0.75)  —0.51
11 (8,40.85,+0.85) 0.6821
12 (8,+0.80,0) 0.6321
13 (8,-0.85,-0.85) —0.6821
14 (10,0,0) 0

15 (18,40.80,0) 0.7180
16 (18,40.40,0) 0.3590
17 (18,0,0) 0

18 (18, -0.40,0) —0.3590
19 (18,-0.80,0) —0.7180

Table 5.3: Equal-mass BNS configurations considered in this work. From left
to right the column reports: the EOS, the gravitational mass of each star,
the compactness, the quadrupolar dimensionless Love numbers, the leading-
order tidal coupling constant 2, the corresponding value of the quadrupolar
“tidal deformability” for each object, A‘; B Eq. (5.9), the dimensionless spin
magnitude and the spin-induced quadrupole momenta Cga op-

name EOS My g[Ms] Cag keyP Ky AP x4,8  Cgags
BAM:0095 SLy 1.35 0.17 0.093 73.51 392 0.0 5.491
BAM:0039 H4 1.37 0.149 0.114 191.34 1020.5 0.141 7.396

BAM:0064 MS1b 1.35 0.142 0.134 289.67 1545 0.0 8.396
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Figure 5.9: Sanity check of EOB waveform modulus (top) and frequency
(bottom) on the configurations considered in Table I of Bohé et al. [36].
Differently from what we do here, NR waveform data for these configurations
were used in [36] to calibrate SEOBNRv4. The behavior of both functions look
qualitatively and quantitatively consistent and robust. Waveforms are time-
shifted to be all aligned at merger time.
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spins anti-aligned with the angular momentum. The good qualitative behav-

ior of the waveform around merger is guaranteed by the value of Atyqc given
by Eq. (5.7)-(5.8).
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Figure 5.11: Sanity check of EOB waveforms amplitude (top) and frequency
(bottom) for several mass ratios and large spins aligned with the orbital
angular momentum. The global consistency is highly satisfactory for both
amplitude and frequency.
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Figure 5.12: Phasing comparison between BAM and TEOBResumS waveforms for
the SLy and Mslb equal-mass BNS configurations of Table 5.3. The EOB
and NR waveforms, once aligned during the early inspiral (approximately
over the first 15000 of evolution), are compatible, within the NR uncertainty
(gray area in the figures) essentially up to the NR merger point, defined as
the peak of the waveform amplitude |hgs|. Note however that the errors are
larger for the MS1b configuration. The time marked by the vertical green

R[RA) /v

500

1000 1500

—NR

”JMV

— EOB
i

f)\ A ﬂ !

VUV A\

N

VY ‘./

A
|

|

I

2300 2400 2500
u /M

line corresponds to 7T00Hz.

\x |

500 1000 1

2500 2600 2700

2500 2600 2700
u/M



145

051

|

R [Rh 99] / v
(=]
—
—
J——

—
—
—
—

— 051

500 1000 1500 2000 2500 2600 2700
u/M u/M

Figure 5.13: Phasing comparison between BAM and TEOBResumS waveforms,
effect of spin (H4 EOS, see Table 5.3). The figure refers to spinning binary
with dimensionless spins x4 = xp = 0.14. NR and EOB waveforms are still
compatible, within the NR uncertainty (gray area in the figures), up to the
NR merger point. The time marked by the vertical green line corresponds to

700Hz.
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Figure 5.14: EOS-dependent self-spin effects on the phasing through the
Q55 diagnostics. The figure contrasts the EOB description (incorporating
LO dynamical and dissipative effects) with various PN approximations (see
text) for the BAM:0095 tidal configuration with however x4 = xp = 0.1. The
vertical lines mark respectively 400Hz, 7T00Hz and 1kHz. The EOB resummed
description enhances the effect during most of the inspiral, though it reduces
it towards merger. Consistency with all PN approximants is found in the low
frequency regime (20Hz), though the PN regime is not yet reached there.
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Table 5.4: Summary of the parameters that characterize GW150914 as found
by cpnest and using TEOBResumS as template waveform, compared with the
values found by the LVC collaboration [44]. We report the median value
as well as the 90% credible interval. For the magnitude of the dimensionless
spins |xa| and |xp| we also report the 90% upper bound. Note that we use
the notation x.g = ao for the effective spin, as introduced in Eq. (4.27).

TEOBResumS  LVC

Detector-frame total mass M /M, 73.6127 70.6148
Detector-frame chirp mass M /M, 31.873¢ 30.47%4
Detector-frame remnant mass My /Mg 70.0158 67.4%55
Magnitude of remnant spin ay 0.711952 0.67105°
Detector-frame primary mass M4 /Mg 40.2751 38.915¢
Detector-frame secondary mass Mg /M, 33.5134 31.6%2
Mass ratio Mp/Ma 0.8702 0.827039
Orbital component of primary spin x4 0.2798 0.321939
Orbital component of secondary spin x g 0.0192 0.4470%
Effective aligned spin Yeg 0.150:3 —0.071915
Magnitude of primary spin |x 4| <0.7 < 0.69
Magnitude of secondary spin |xp| <0.9 < 0.89
Luminosity distance dr,/Mpc 4791558 410115
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Figure 5.15: Unfaithfulness comparison between TEOBResumS and SXS wave-
forms obtained without iterating on the amplitude NQC parameters (a1, as),
see Eq. (4.48). The performace of the model, where the parameters (a§, c3)
were NR-tuned with the iterative determination of (a1, as) (see Sec. 5.2.1),
is slightly worsened with respect to Fig. 5.1, although it is still compatible
with the 1% limit. Such simplified version of TEOBResumS is used for the
parameter estimation of GW150914, with results reported in Table 5.4.
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Figure 5.16: Reconstructed whitened GW waveforms in the Hanford (top
panel) and in the Livingston (bottom panel) detectors. The solid lines in-
dicate the median recovered waveforms. The cyan bands indicate the 90%
credible regions as recovered by our analysis. As a comparison we also overlay
the whitened raw strain for the two detectors.
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Figure 5.17: Two-dimensional posterior distribution for M and Mg /M4 for
GW150914 as inferred using cpnest and TEOBResumS. The contours indicate
the regions enclosing 90%, 75%, 50% and 25% of the probability.
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Figure 5.18: Comparison between two flavors of the SEOBNRv* model and
TEOBResumS. The improved NR calibration incorporated in SEOBNRv4 |36,
212, 213] pushed it closer to the TEOBResumS curve than the SEOBNRv2
one [31].
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Figure 5.19: EOB effective photon potential A(r)/r? for SEOBNRv4 and
TEOBResumS for mass ratios ¢ = (1,2,3,4,6,18). The potentials are con-
sistent, though different at the peak, also for medium mass ratios. The
highest consistency is found for ¢ = 18. The markers highlight the peaks of
the functions, i.e. the locations of the effective light-rings
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Figure 5.20: Dependence of the effective light-ring position, rpg, i.e. the
peak of A(r)/r? in Fig. 5.19, versus v. The behavior of the TEOBResumS
effective light-ring tends quasi-linearly to r = 3, while the structure of the
corresponding SEOBNRv4 function is more complex.
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Figure 5.21: The match computed between SEOBNRv4T and TEOBResumS.
The match values are color-coded. Based on 17300 randomly chosen points.
The plot highlights the high compatibility between the two models.

Table 5.5: Initial conditions used to start the two EOB dynamics behind
the waveforms of Fig. 5.22 which yield the lowest match value 0.9898. The
initial frequency was nominally fixed to be 40Hz in both models. From left
to right we have: the name of the model; the initial relative separation; the
corresponding value of the angular momentum; the corresponding value of
the circular angular momentum and the value of the radial momentum. The
initial values of the phase-space variables corresponding to 40Hz are slightly
different in the two models. Due to the Newtonian relation between frequency
and radius that we use in TEOBResumS, Eq. (5.42), the consistency between
initial configurations is recovered thanks to a slight modification in the initial
nominal frequency of TEOBResumS so that the values of r9/M coincide up to
the 5th decimal digit. See text for details.

Model fo [Hz] To Dy poe Pr

TEOBResumS 40.000000 50.230212 7.3060375 7.3060378 —2.2938 x 10~
SEOBNRvAT  40.000000 50.296059 7.3105268 7.3105268 —2.2856 x 107°

TEOBResumS 39.921474 50.296059 7.3105277 7.3105279 —2.2848 x 10~
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Figure 5.22: Time-domain comparison between SEOBNRvAT and TEOBResumS
for the case that delivers the lowest match, F' = 0.9898. Top panel: same
initial nominal frequency, first two lines of Table 5.5, the two waveforms are
aligned by choosing a suitable relative time and phase shift. The first two
rows of the plot show the waveforms before alignment, while the second ones
after the alignment. Bottom panel: initial data for TEOBResumS consistent
with those of SEOBNRvAT, see second and third row of Table 5.5. The two
waveforms nicely agree directly, without the need of the additional alignment.
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Figure 5.23: Phasing comparison between TEOBResumS and SXS dataset
SXS:BBH:1375. Alignment in the early inspiral (vertical lines). A EOB-
NR phase difference of —1.3 rad is accumulated up to NR merger.
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Figure 5.26: Phasing (left) and amplitude and frequency comparison (right)
between TEOBResumS and BHNS:0002 waveform for a BHNS merger with
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tidal waveform is well consistent with the NR one up to merger, even in the
presence of tidal disruption.
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Figure 5.27: Left panel: TEOBResumS and NR phasing for BHNS:0001, with
qg =6 and Mg = 1.4M,. A phase difference of ~ —1.6 rad is accumulated
up to merger. Right panel: frequency and amplitude plot. The orange line
corresponds to the TEOBResumS BBH (point-mass, no tides) waveform com-
pleted with NQC corrections and ringdown. Note that the frequency growth
with tides (red-dashed) is almost indistinguishable from the corresponding
curve without tides.
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TEOBResumS BBH waveform (orange) without tides. Waveforms are aligned
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Chapter 6

Nonlinear-in-spin effects in
EOB waveform models of
spin-aligned inspiralling
BNS [2]

6.1 Introduction

Gravitational wave (GW) signals of BNS can be used to put constraints on
the equation of state (EOS) of degenerate matter in these extreme environ-
ments. In fact, when a NS is part of a binary system, their mutual tidal
interaction deform the stars, affecting the dynamics of the system and the
emitted GWs. On August 17, 2017, the first binary neutron star (BNS) in-
spiral has been detected by the LIGO-Virgo interferometers [43]. One of the
important outcomes of this discovery was the measurement of the neutron
star radii and EOS from the GW signal [210, 211] obtained by extracting
from the data the tidal polarizabilities (or deformabilities) related to the NS
Love numbers [227, 229, 108, 243].

When NSs are spinning, the rate of the inspiral can be modified by an
additional EOS-dependent effect, since each NS acquires a quadrupole mo-
ment due to its own rotation, as explained in Sec. 5.4. The importance of
such spin-induced-monopole-quadrupole effects on BNS inspirals was pointed
out long ago [134] and recently revived [135] in a data-analysis context, em-
phasizing that it is important to incorporate such self-spin terms in BNS

157
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waveform templates to avoid parameter biases in the case of highly spinning
BNS systems. In addition, it was also recently pointed out that self-spin ef-
fects might be useful to test the binary black hole nature of the compact ob-
jects [282, 283]. Consistently with these findings, the analysis of GW170817
was done with waveform models that do include EOS-dependent self-spin
effects. These were incorporated in resummed form in the SEOBNRvAT [213]
and TEOBResumS [1] effective one body (EOB) models and in TaylorF2-like
post-Newtonian (PN) form in the PhenomPv2NRTidal model [260, 209]. Both
descriptions have their drawbacks and can be improved. On the one hand,
the PhenomPv2NRTidal description is incorporating self-spin terms up to
next-to-leading order (NLO), but it is biased by the fact that the PN ap-
proximation breaks down at some stage in the relativistic regime close to
merger. On the other hand, the EOB description is robust up to merger,
but only the leading order (LO) self-spin effects (both in the EOB Hamil-
tonian and flux) were included in the models. Although one of the main
results of Ref. [209] was to show good consistency between TEOBResumS and
PhenomPv2NRTidal, this was not a precise apple-with-apple comparison be-
cause of the additional NLO self-spin effects included in PhenomPv2NRTidal
and not in TEOBResumS. Furthermore TEOBResumS actually takes into ac-
count an infinite number of self-spin tail terms (in the waveform and flux),
that are absent in PhenomPv2NRTidal, so that the precise question about
which model is analytically more complete requires an elaborate study. In
particular, none of the current waveform models that use a 3.5PN-accurate
inspiral description (like TaylorF2 or PhenomPv2NRTidal [209]) are using
the EOS-dependent 3.5PN-accurate self-spin tail term, although it is avail-
able analytically [1]. Such a term can be obtained by suitably expanding
the EOB energy and flux along circular orbits, adapting the procedure of
Ref. [11] (see also [243]), that allowed one to cross check the 4.5PN, non-
spinning, tail term in the flux formerly obtained from an ab initio PN cal-
culation [74]. Finally, we mention that state-of-the-art NR simulations of
coalescing BNSs [284, 240, 263, 206, 285, 259, 286] are currently barely able
to resolve spin-quadratic effects close to merger [287, 268] and are too short
to measure their cumulative effect during many inspiral orbits. As a con-
sequence, we can only rely on analytical models for their description for
LIGO/Virgo targeted analyses.

The purpose of this work is then to address and answer the questions that
remained open in Refs. [1, 209]. We do so by extending the EOS-dependent
self-spin sector of TEOBResumS to NLO and next-to-next-to-leading order
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(NNLO), suitably recasting in EOB form recent PN calculations of Levi and
Steinhoff [288, 289, 136]. For simplicity, this is done in the circular ap-
proximation by exploiting the gauge-invariant relation between energy and
angular momentum rather than by deriving the explicit canonical transfor-
mation that maps the Arnowitt-Deser-Misner (ADM) Hamiltonian [290] into
the EOB Hamiltonian. This new knowledge allows us to produce a consistent
phasing comparison with the TaylorF2 approximant. We find that the phase
accelerating effect of the spin-induced quadrupole moment terms is enhanced
by the NLO contribution, although the magnitude of the effect as predicted
by TEOBResumS is always smaller than in the corresponding TaylorF2 de-
scription. Remarkably, a TaylorF2 approximant that also incorporates the
LO self-spin tail effect yields a self-spin phasing that is essentially equivalent
to the NLO TEOBResumS one up to frequency Mw =~ 0.05 independently of
the EOS choice. We also show that the LO quartic-in-spin effects entering
the circularized Hamiltonian recently computed by Levi and Steinhoff [136]
are already contained in the TEOBResumS Hamiltonian of Ref. [159] in the
black-hole (BH) case, due to the use of the centrifugal radius. The corre-
sponding correction to the centrifugal radius yielded by the octupolar and
hexadecapolar EOS-dependent spin-induced effects (in the non binary BH
case) is explicitly obtained.

6.2 Nonlinear-in-spin effects within TEOBRe-
sumS

The EOS-dependent self-spin contribution at LO in TEOBResumS was dis-
cussed extensively in Sec. 5.3.2. We consider binary systems in which the
two bodies are labeled by (A, B). Their masses and dimensional spins are de-
noted My p (with My > Mpg) and Sap = Ma paa g respectively. The total
mass is M = M4+ Mp and the reduced mass = (MaMpg)/M. We also re-
mind the reader the following notation: the mass ratio ¢ = M4/Mp > 1, the
symmetric mass ratio v = p/M, the mass fractions X4 g = My /M and the
shorthand X 5 = X4 — X = v/1 — 4v. Finally, we make use of the dimen-
sionless spin variables a; = a;/M = S;/(M; M) together with their symmetric
and antisymmetric combinations' g = a4 + ap and aap = a4 — ap.

Note the difference between a; = a;/M and the usually introduced dimensionless spin
4; = xi = a;/M;. Note also that in Refs [9, 4, 1] we had denoted ag as ao.
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6.2.1 Hamiltonian: quadratic-in-spin terms

In TEOBResumS [217, 1], which is limited to the case of spin-aligned (non-
precessing) binaries, spin-quadratic effects are treated introducing the “cen-
trifugal radius” r., considered as a function of the Boyer-Lindquist-type
EOB radial variable r, and of the spin variables. For BBHs, the func-
tion r.(r, aa, ag) incorporates both LO and NLO spin-quadratic effects [160,
161, 217]; by contrast only LO spin-quadratic effects were considered for
extended objects like NSs [1]. We hence start by generalizing the expres-
sion of the centrifugal radius in order to take into account both NLO and
NNLO, EOS-dependent, self-spin effects, exploiting the PN-expanded re-
sults of Refs. [288, 289, 136]. The generalized formula for the centrifugal
radius (4.26) that formally takes into account both NLO and NNLO spin-
quadratic effects reads

2 da3 daz
re(r,aa, ap)"""0 =1r? +ag, <1 + —) +—2 4 O (6.1)
r r r
where we are using a dimensionless radial coordinate r = %, and we intro-
duced the effective spin variable
agy = Coady + 2aaap + Copip. (6.2)

Cga and Cgp are coefficients that parametrize the quadrupolar deformation
acquired by the NSs due to their own rotation. For binary black holes, Cg; =
1, so ag reduces to ag. The parameters dag; o and dagyy encode the NLO
and NNLO spin-spin information respectively. As mentioned above, work-
ing in the circular approximation for simplicity, we compute them exploiting
the functional relation between binding energy and orbital angular momen-
tum, that is explicitly given, in PN-expanded form, in Refs. [288, 289, 136].
In practice, one computes the PN-expanded EOB dynamics along circular
orbits, that will explicitly depend on (da%;q,dadnio), and then fixes these
coefficients by comparison with the PN-expanded relation of Ref. [136].
The main elements of the Hamiltonian of TEOBResumS that are useful for
this calculation are augmented in detail in Sec. 4.2. Since we are consider-
ing nonprecessing systems, the dynamics is described by the dimensionless
phase-space variables (r,p,.,,®,p,). We use ¢ to denote the orbital phase,
while the (dimensionless) radial and angular momentum are respectively de-
fined as p,, = Pr,/p and p, = P,/(uM). The p-rescaled EOB Hamiltonian
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is given by Eq. (4.19). The explicit expressions of (Gg,Gg,) can be found
in Refs. [162, 217]. These expression only retain, in the spin-orbit part of
the Hamiltonian, terms that are linear in the spins. However, the complete
TEOBResumS model is based on the prescription of Refs. [159, 34, 1] to effec-
tively incorporate, in resummed form, also higher odd-powers of the spins
(spin-cubed, spin® etc.) by suitably replacing the u-dependence of the func-
tions (G, Gs,) with dependence on u.. We shall see in Sec. 6.2.2 below that
TEOBResumS delivers a reasonable approximation to the actual LO spin-cubic
part of the ADM Hamiltonian of Ref. [136]. In Sec. 6.5 we give possible EOB
transcriptions of the results of [136].

The orbital part of the effective Hamiltonian is given by Eq. (4.24). Here
A is the effective metric potential, whose PN expansion in the non-spinning
limit is given by Eq. (4.15), with coefficients (4.12), (4.16) and (4.17). In
TEOBResumS, this effective metric is resummed using a Padé approximant,
namely (4.18). When spins are present, the metric is built upon the Kerr
one and reads

1+ 2u,

A(u; S;) = 1+ 2u

Aorb(uc)' (63)

We hence start considering circular orbits (p,, = 0) and compute the circu-

A

lar angular momentum, j, using the condition 0,H.g = 0, that yields the
following equation

[y -1 (&)}

+ {QA’ (Au2)' — 44 (é/) 2} 24 (A2 =0, (6.4)

where the prime indicates () = 9,(-). By expanding the solution of Eq. (6.4)
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in series of v and up to the second order in spin one obtains
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163

This truncated series can be inverted so to obtain u(j), which reads

1 3 3 1 oy 1
]—2 . 4 (7@0 + XABGAB) ] (18 —3v + QCLQQ) j_G

_@4_2” (n — ﬁ_kz X ira i
Qo 3 1 ABUAB 7

311 41 441 9 9
+ {1 <———|—1—67r2) 1/—1—?@04—226@ (8 21/> a4 p

u(j) =

63 o 5 1
+ ZXABCLOCLAB + —5a2NLO] j_8

32
1 1921
1134_(63063 64 319
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120 1024

90 1155 9 45 1\ _, 261 2073 15 5
= _ 234 — —= 27, =
+(8 >a0+(3 zy)aQ+(8 6 7 4u)a
1557 1 1
+ T——I/ Xaplotap + 29 6aXro + 3 0aknio | = i —|—O[j ]

(6.6)

By placing this expanded expression of v into the EOB Hamiltonian, one can
finally obtain the gauge-invariant relation between the binding energy and
angular momentum. The binding energy per reduced mass is in fact defined
as By, = (E — M)/u, where £ = vHgop, and is given as a polynomial in
inverse powers of j, i.e.,

Ey(j) = —% <1+ZC.—Z+O [jﬂ). (6.7)

Explicitly, from the expansion of the EOB Hamiltonian along circular orbits
we get

1269 1273 25 5\ . 531 103 D o . 1
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. 1 1 1 1, 1
Ey(j) = T3 {1 + 4(9 + V)]_Q 9 (Tap + Xapaag) o
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(6.8)

where we see that the c¢g and cg coefficients explicitly depend on da¥;
and da¥n;o- The corresponding quantities in Eq. (5.3) of Ref. [289], once
expressed in our spin variables?, explicitly read

ZNote that Ref. [289] uses as dimensionless spin variables some quantities, SZL_S, that
correspond to our S; /(M Mp). Furthermore, their deformation coefficients are denoted
by (Cgsz,Cpss,CErss), in order to highlight the spin order and their electric/magnetic
behavior. In our convention, they correspond to (Cq, Coct, Crex) respectively, which puts
the emphasis on the multipole of the deformation. We also note that the A\ constants by
Marsat (see Sec. B of Ref. [76]) are the same as Levi and Steinhoff’s Cggs and our Coct’s.
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s 1
(e55)"° = E{(% +8v) g+ 8 (=23 +v)ag + (7T—52v) dyp

+ Xap [130 Goaap + 16 (Coaa’ — Copiy) ] } (6.9)

T 112
— (5205 4 6292 + 3290%) @4

1
{— (51369 — 2743v + 211°) ag + (13182 — 1066w + 420%) ag)

+ Xap [13 (1380 + 7v) Godap + (1716 + 56v) (Cqaa’ — Copap)] }

(6.10)
Comparing Eqgs. (6.9) and (6.10) to Eq. (6.8) one obtains
33 . 1 N
Sado = — gag + 3aé ~3 (14 4v)d%p
1 ~2 9
+ Xap 7 00AB + (Cgad’ — Coray) | , (6.11)

and
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NNLO 224 ' 224 0 28 28 Q
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+ Xap|— 112 + gl/ apaAB
163

+ 55 (Coad® — OQBa?B)] . (6.12)
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Binary black hole limit

The BH case is recovered imposing Cgs4 = Cgp = 1 or, equivalently, &22 = a2
and (CQAELE‘ — CQBELQB) = dOCNZAB. This yields

9 _ 1 . ) -
189 417 \ _
5a2BBHNNLo = (5 + 3_2’/) ag

L(o1r 8
32 327 gV )tas
89 21 -
-+ (1—6 — §V> XABQoGaRB. (614)

Eq. (6.13) agrees with the result for the same quantity obtained in Ref. [217]
(see Eq. (60) there) with a different method (see also [249]). The impact of
the newly computed da%y; o in BBH systems will be analyzed elsewhere.

6.2.2 Hamiltonian: cubic-in-spin terms already included
in TEOBResumS

The LO cubic-in-spin contribution to the PN-expanded Hamiltonian (and
thus on the E,(j) curve) was derived in Ref. [289]. This contribution is
not fully incorporated in the current version of TEOBResumS. However, one
should be aware that some cubic-in-spin terms are already included in the
model, because they naturally arise due to the presence of u,. in the gyro-
gravitomagnetic functions Gg and Gg, that enter the spin-orbit sector of the
Hamiltonian (see Sec. 6.2.1). It is then interesting to check how these terms,
that are guessed by the resummed structure of the Hamiltonian, do compare
with the exact result of Ref. [289]. We now redo the calculations of Sec. 6.2.1,
this time keeping the cubic-in-spin terms, whose LO enters in the coefficient
of 579 in the gauge-invariant relation Ej(j). In TEOBResumS, the former is
given by

TEOBResum$S 67 13
(Cfﬁo) = — (Zdo + ZXABCNLAB) gy. (6.15)
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By contrast, the PN-expanded result from Ref. [289] reads

L-S
(Cfio) = — (2C0octa + 15Cqa + 3XapCqoa) @

[30 + 21CQA + Xap (6 — 30@4)] &124&3
—[30+21Cop — Xap (6 — 3Cop)| aady
— (QOOctB + 150@3 — SXABCQB) CNLSB, (616)

which is qualitatively different from Eq. (6.15) above because of the presence
of the spin-induced octupolar moments Cocia g. Comparing Egs. (6.15) and
(6.16), we see that TEOBResumS does not automatically predict (through the
definition Egs. (6.1), (6.2) used to incorporate spin-quadratic couplings) the
needed PN LO spin-cubic terms. We have, however, checked that the coeffi-
cients entering the two expressions are numerically sufficiently close to lead
to nearly equivalent physical predictions. This is especially evident in the
BBH case when Coca,p = Cga,p = 1. In this case the above equations read

: TEOBResumS o7 13
<c$30> _— (Z&O + ZXAB&AB) a2, (6.17)
53 L-S N 5 9
<C7LO> = — (1740 + 3X apiap) &, (6.18)

with a fractional difference of 1/68 =~ 1.47% between the first coefficients and
1/12 ~ 8.3% for second ones. In practice, the Hamiltonian of TEOBResumS
incorporates this approximate description of cubic-in-spin terms, as well as
higher-order odd powers of the spins due to its resummed structure. In
Appendix 6.5 we propose possible EOB transcriptions of the full cubic-in-
spin information of Ref. [289].

6.2.3 Hamiltonian: quartic-in-spin terms

The quartic-in-spin contribution to the PN-expanded FEj(j) curve was also
computed by Levi and Steinhoff [136]. This corresponds to a 4PN effect,
i.e., it enters at order 1/51°. We can thus slightly modify the procedure of
Sec. 6.2.1 above so to apply it also to the recovery of the spin-quartic EOS-
dependent terms. We introduce a new parameter dai in the definition of r2
that now reads

2 da? da? da}
2 T2+6~Lé (1_1_;) + aNLO+ aNNLO+ aLO‘ (6.19)

c r 72 r2
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We then proceed and compute the same formulas we showed before consis-
tently keeping all the quartic-in-spin term. The LO quartic-in-spin term,
O(1/4%) in Ey(j) reads

Sﬁo TEOBResumS ) 4
(cB ) = 3ag + daro- (6.20)
The corresponding term from Ref. [288] reads

(c51) = 2 (308 + Cuten) 4
+3(3Cga + Cocia) @4ap
+9(CoaCos + 1) a4a%
+3(3CoB + Coctn) Gady

3
+ Z_l (30523 + CHexB) &437 (621)

where Co; and Chey are the spin-induced octupolar and hexadecapolar mo-
ments quoted above. From these two equation one obtains

3 3
6@%0 — Z (CHBXA - CCQQA) aj
+ 3 (Coea — Coa) @4ag
+3(CoaCop — 1) a4aj
+ 3 (Coctn — Cop) Gaay
3 .
+ 1 (Chiexs — 053) ay. (6.22)

To our knowledge Cp and Co., have been calculated using numerical ap-
proaches [291, 292, 293]; by contrast, current knowledge about Chx relies on
both the slow-rotation approximation (if the NS dimensionelss spin is smaller
than 0.3) and on numerical calculations otherwise [294]. All this knowledge
(notably recasted in terms of EOS quasi-universal relations [253, 137, 294]
with the NS Love numbers [227, 106, 110, 108, 233]) allows us to evaluate
also the impact daj, on the BNS phasing. Before doing so, we note that in
the BH limit (when Cg = Coe = Chex = 1) daj o vanishes. It is remarkable
that the resummed EOB Hamiltonian, thanks to the use of the deformed
Kerr structure provided by the EOB centrifugal radius [159], is proven to
correctly incorporate, at the LO, the quartic-in-spin behavior. We also point
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out, in passing, that the same structure is present also in the EOB Hamil-
tonian of Refs. [276, 165, 177], and thus the quartic-in-spin terms at LO are
also present in the SEOBNRv4 corresponding EOB model [295]

6.2.4 Waveform and flux

Recently, Marsat and Bohé have also computed several terms quadratic in
spin entering the post-Newtonian waveform [252]. Their work is yet un-
published, but they kindly gave us access to their most recent results. We
report below the corresponding contributions to the factorized waveform am-
plitude, as the EOS-dependent generalization of Egs. (39), (43), (44) and (45)
of Ref. [4].

1
Py = 007", (6.23)
187 1 27 19 5)
SS,NLO _ ) 2 ~2
P22 —{—an—i- (?—l—%y) ag + <ﬁ—ﬁl/) AR
2. 55 2 ~2 3
+ Xan glolas + @(CQAGA — Cgpag)| ¢a°, (6.24)
~ [ 19 _ . . o 3 1.
2818,LO — —gCLOCLAB — (CQA(I,%; — CQBCL%) + XAB <—ag + 50,2 _ §a33>} LL’2,
_ (6.25)
- I ~ ~ 3 ~
o0 = | —4(Cqadh — Copip) + 5&13@%} a? (6.26)
} 3
w = 5 Xapigr®, (6.27)

For this work, all these new terms (due to Marsat and Bohé) are incor-
porated in the flux and waveform of TEOBResumS.

Let us finally comment about the cubic-in-spin terms, that, at leading
order, contribute to both the £ = m = 2 and to the { = 2, m = 1 quadrupolar
modes. The corresponding contribution to the flux was obtained by S. Marsat
in Ref. [76]. In Ref. [4] this information (though restricted to the BBH case)
was incorporated in the EOB waveform. Although the results of this paper
are obtained by omitting such LO spin-cube contribution, let us write here
the full terms entering p5, and f5, that reduce to part of Eqs. (39) and (43)
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of Ref. [4] in the black hole limit Cga = Cop = Cocta = Coctn = 1.
19 1 .
Py = { (ECQA — Cocta — ZOQAXAB> a’

19 17 1 1 ~9 ~

19 17 1 1
== -z Xap|aaa?
{6 plest (2 4OQB> AB] @45
(B = Coun + ~CopXas ) @ Lo (6.28)
12 QB OctB 1 QBAAB | A ¢ X ", .
~ 3. 3 5\ -
S = <§a3 — Zaé) aap . (6.29)

6.3 Post-Newtonian phasing description

6.3.1 Reminder on the the TaylorF2 phasing approxi-
mant

In the previous section, we have extensively discussed the spin-quadratic
(and spin-quartic) contributions in both the Hamiltonian and waveform /flux
of TEOBResumS. Inspecting the expressions for, e.g., (daZy o, da¥knio) ONE sees
that there are several terms that involve (Cga, Cop) and thus take into ac-
count the effect due to the spin-induced quadrupole moments both in the dy-
namics and in the radiation (cf. Egs. (8.62)-(6.27)). In this section, we move
to the PN-based equivalents of these effects within the TaylorF2 phasing
approximant [99], see Sec. 2.7. Although our final goal is to compare the ef-
fect of the spin-induced quadrupole moment in TaylorF2 and in TEOBResumS,
here we aim at being as general as possible. So, for completeness we collect
all currently available spin-dependent analytical information that allows us
to push the complete spin sector of the TaylorF2 approximant up to 4PN
accuracy. This means considering linear and quadratic-in-spin effects that
also involve tail terms.

TaylorF2 (see Eq. (2.195)) is typically used at 3.5PN accuracy for the
orbital and spin-orbit part, while the spin-spin part is limited to 3PN order.
It was used in this form for GW data-analysis purposes (see, e.g., [210, 43]).
The complete extension of the approximant at 4PN is currently not possible
since the calculation of the v-dependent part of the energy fluxes is currently
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incomplete. However, there are higher-order terms in TaylorF2, those involv-
ing the tail terms, that are analytically known. For example, Ref. [11] showed
how the 4.5PN-accurate term of the energy flux, that is a pure tail term, can
be obtained exactly by PN-expanding the EOB energy flux. Applying the
same procedure, one can have access to the 3.5PN-accurate, LO, spin-spin
tail term as well as to the 4PN-accurate, NLO, spin-orbit tail term. The
spin-spin and spin-orbit tail terms in the flux (and TaylorF2) are presented
here for the first time. After the integration of Eq. (2.195) the 4PN-accurate
spin-dependent part of the phasing reads

m
WEEN,Spin(f) - Qﬂ-ftc — P — Z

3 8 .
+ w(w fM)™5/3 ; @i (mfM)3, (6.30)

As mentioned above, the orbital (spin-independent) part has the same struc-
ture, but the 4PN term is currently incomplete, so we omit its discussion
here. Following the procedure of Ref. [11], we construct the PN-expanded
total energy flux starting from the EOB-resummed prescription [8]

F = f: zm: FKI\LSWthm (631)

(=2 l=—m

using the orbital dynamical information at the consistent PN order [269,
270, 271, 147, 64], the spin information given in Ref. [75] and the new spin
waveform results computed by Marsat (Eqgs. (18)-(22) from Sec. 6.2.4, [11,
4, 296]). The relation between the dynamics, the EOB residual relativistic
amplitudes (which can be derived from the PN waveforms) and the flux is
given in Ref. [8] (it is the square of Eq. (4.36), since the GW flux is the
square of the waveform):

A . 2
Fion = (5) 1 Ton (i)™, (6:32)

In this equation, Sé;) is the effective source, that is the effective EOB energy
along circular orbits Feg(z) = Eeg/p when € = 0 (¢ + m=even) or the
Newton-normalized orbital angular momentum when ¢ = 1 (¢ + m=odd).
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6.3.2 Extracting tail effects from the EOB resummed
tail factor 7},

Of crucial importance for our present purpose is the (complex) tail factor
T that resums an infinite number of leading logarithms (see Sec. 2.4.1, 4.4
and Refs. [8, 278]). This factor automatically incorporates tail effects that
can be extracted from it and added to the lower-order PN results.

Expanding the formula (6.32) multipole by multipole and then summing
all the contributions up to £ = 4, one obtains the following expression for the
3.5PN spin-quadratic tail term in the flux

56 ta 1
Faoon = (85@ + gaiB) T2l (6.33)

which reduces to Eq. (26) of Ref. [11] in the BH case, when a3, = 3. Adding
this new piece to Eq. (4.14) of Ref. [75], one obtains a full 3.5PN flux that
is used, together with the energy given by Eq. (3.33) of the same reference,
to compute the 3.5PN accurate spin-spin tail term at NLO (entering the 7
coefficient in Eq. (6.30), as detailed below) by solving the integral given by
Eq. (2.195).

This resummed tail expansion procedure can be applied also to the spin-
orbit analogue of the flux. As we did previously, the fact that the EOB-
resummed tail amplitude Ty, contains and infinite amount of PN information
when expanded, using consistently the py,, and fom information computed
from Egs. (8.62)-(6.27) and the point-mass ones from [4, 296], we can compute
again Eq. (6.32), but this time, for what concerns the dynamics, we add to
the orbital information of Refs. [147, 271, 270, 269] the spin-orbit one of
Refs. [76, 297]. The spinning angular momentum at NLO in the spin-orbit
coupling is given by Eq. (3.12) of Ref. [77]. This time we use the spin
residual relativistic waveform amplitudes up to £ = 4, and the purely orbital
ones from ¢ = 5 to ¢ = 7, truncating at the right PN order being careful
to account for the relative order of the Newtonian prefactors in the process
(see Appendix of [4]). Like in Ref. [11], the m = even flux information of
the ¢ = 7 multipoles is out of one PN order with respect to the result we
are searching for, so can be neglected in this computation. The new result
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obtained this way yields 3

220103 8421757 9491453 ,\ -
—+ vV — Ve |ag
1512 72576 18144
55499 N 1149163U _ 4993897
3024 72576 36288

SO,tail
‘F5PN -

1/2) XABaAB} nz’, (6.34)

and gives access to the new 4PN spin-orbit terms in the g coefficient in the
PN-SPA phase.

6.3.3 Final 4PN-accurate TaylorF2 phasing coefficients

The complete calculation, at 4PN-accuracy, gives

o 94 19

Y3 = a0t EXABELAB7 (6.35)
. 5
0y = — 50ag — gafw, (6.36)
554345 55 '\ _ 6380 85 .
@?O =—[1+log(mfM)] {( 5968 + 31/) ag + (W + ?V) XABCLAB:| ;
(6.37)
. SO, 1880 _ _ 15635 _ 5570 _
cpgs’ SOt — ( 5 (o + 130XABCLAB> + (—21 + 120y> aé i ag
40795 1255 1\ 250 _ 2215 _ .
_ (m + ¥u> %5+ Xan {—VaoaAB + o (CQAai — CQBa%)} ,
(6.38)

. 15 8980424995 6586595 305
SStail; SO ~2 ~2 2\~
© =—71l4 4+ — — -+ -
! ( 00ag + 3 aAB) ( 1524096 1512 2" >a°

<_7189233785 458555 5345

2 ~
3043192 Gods U 144 V>XABGAB; (6.39)

1536 756
(6.40)

, 2388425 9925 '\ _ 1538855 19655 .
@30t — [l — log (7 fM)] [( o8 o7 V) aop + ( ) ABCLAB:| :

3By PN consistency, this procedure yields lower PN spin-orbit terms that are well known

in literature. Note also that the test-particle limit of (6.34) (in which ao = aapXap = @a)

agrees with the result of Ref. [298], namely 23%0%4 472,
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No. My Mp q XA XB Aa Ap CQA CQB Mwmrg AEOB¢
SLy-q1-sA01-sBO1 1.35 1.35 1 0.1 0.1 389.96 389.96  5.48 5.48 0.1344 —2.04
SLy-q1-sA005-sB005 1.35 1.35 1 0.05 0.05 389.96 389.96 5.48 5.48  0.13446 —0.51
SLy-q1.2-sA005-sA008 1.6573 1.354 1.224 0.05 0.08 382.7 1312.1  5.45 7.99  0.12155 —1.04
Ms1b-q1-sA01-sBO1 1.35 1.35 1 0.1 0.1 1545 1545 8.40 8.40 0.10616 —3.06
Ms1b-q1-sA005-SB005 1.35 1.35 1 0.05 0.05 1545 1545 8.40 8.40 0.10616 —0.76
H4-q1.25-sA005-sB008 1.91 1.528 1.25 0.05 0.08 499.6 1986 5.92 9.06 0.11508 —1.08

Table 6.1: BNS configurations used in this section. From left to
right the columns report: the name of the configurations; the individual
masses; the mass ratio; the individual spins, tidal parameters and spin-
induced quadrupole moments, that are obtained with the universal relations
of [253, 137]. Then, Mwy,, denotes the dimensionless GW frequency at the
EOB BNS merger, conventionally defined as the peak of the £ = m = 2 wave-
form amplitude. The last column lists the accumulated phase from 10 Hz to
BNS merger due to the presence of the self-spin effects. For obtaining these
numbers only the NLO self-spin terms, both in waveform and Hamiltonian,
were included in TEOBResumS.

In the above equations, we have explicitly emphasized in the definition of
each term its spin-orbit, spin-spin or spin-tail character. Note that ¢g and @7
receive contributions from both tail and non-tail terms. The (g5 %, 5Otil)

terms are computed here from the first time.

6.3.4 Isolating the EOS-dependent quadrupole-monopole

terms

From the result above we can finally isolate the EOS-dependent quadrupole-
monopole terms (i.e., those proportional to Cp;). These terms are the main
focus of the present paper. Multiplying by the Newtonian prefactor (see
Sec. 5.4) one obtains, at 3.5PN order, the quadratic-in-spin phase (5.29),

which is the sum of the LO, NLO and NNLO contributions (5.30) (5.31) (5.32).

Following previous practice (see Chapt. 5.4) we do so by the @, func-
tion (5.34). The integral of @), per logarithmic frequency yields the phasing
accumulated by the evolution on a given frequency interval (wy,wg). The
quadrupole-monopole contribution to the PN-expanded ()., we are interested
in here is given by the three terms given by Egs. (5.37), (5.38) and (5.39).
The aim of the next section will be to investigate how this function com-
pares with the analogous quantity obtained from TEOBResumS with all the
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spin-dependent information detailed in the previous section.

6.4 Results: gauge-invariant phasing compar-
isons of the EOS-dependent self-spin ef-
fects

In Sec. 5.4 we presented a preliminary comparison between the various PN
truncations of the QESQM’S and the corresponding quantity computed using
from the time-domain waveform generated by TEOBResumS including only the
self-spin information at LO in both the Hamiltonian and waveform/flux (see
Fig. 5.14). The main outcome of this preliminary comparison was to show, for
an illustrative BNS configuration, the consistency between the PN and EOB
descriptions, especially at low frequencies, with the latter being slightly more
phase-accelerating than the former. In this respect, Refs. [1, 209] showed the
existence of a nonnegligible difference with respect to the TaylorF2 phasing
with NLO (i.e., 3PN) self-spin effects. However, Ref. [209], see Sec. VI there,
stressed that a more definitive assessment of the EOB/PN performances
would need the incorporation of the NLO information in TEOBResumS. We
shall do so here, closely following what was done in Sec. 5.4. To start with,
we work at NLO in the self-spin within TEOBResumS, adding the correspond-
ing terms to both the Hamiltonian and the multipolar waveform amplitude
(and flux). For definiteness, we consider a few BNS configurations, that we
list in Table 6.1, ranging from stiffer to softer EOS. Similarly, we mainly ex-
plore values of the spins that are compatible with those expected for BNSs.
However, to stretch the limits of the model, we also consider a fast-spinning
configuration, with x4 = 0.8 and xp = 0.4. We note that, although such a
configuration is unlikely to exist in a realistic binary system, these spin mag-
nitudes values were considered in the parameter estimation of GW170817
when considering high-spin priors analyses [43, 210].

The @, (w) is computed (from the time-domain phasing) in the same way
as briefly described in Ref. [1], though here we pushed the lower frequency
limit down to 5Hz, so as to unambiguously identify the frequency region
were the EOB and PN curve converge together. The code we used to do so
is TEOBResumS v0.1 that improves over v0.0 (see Ref. [1]) because of the
presence of the nonlinear spin terms discussed here! The same terms are also

4Note that v0.1 also implements by default the EOS-dependent quartic-in-spin terms
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Table 6.2: Configuration SLy-ql.2-sA005-sA008 in Table 6.1. Indicative
time, 7, obtained with the v0.1 version of the public implementation of
TEOBResumS, needed for obtaining the complete waveform, from 5Hz up to
merger. To ease the computation (and to reduce the high-frequency noise
due to the oversampling of the inspiral part), the waveform is computed
joining together three pieces (starting at rya, and ending at r,;,) obtained
with different sampling rates At. Note that the value of 7 also takes into
account the time needed to actually write the data on disk. Runs on an Intel
Core 15-8250 (1.6GHz) and 8GB RAM. The code was compiled with the g++
GNU compiler using O3 optimization.

fo [Hz]  Tmax Tmin AtV [Hz] At/M 7 [sec]
) 264.11 80 100 674.2 102.177
20 104.81 8 10000 6.742 1.622
200 22.58 merger 100000 0.674  1.4832

implemented in v1.0 which additionally contains the updated tidal model
of Ref. [6] and the post-adiabatic approximation to efficiently compute long
inspirals [191] (see Sec. 6.6 for additional details). With TEOBResumS v0.1
is is easy to compute such a long waveform with reasonable efficiency. In
practice, it is convenient to join together the waveforms computed on three
different frequency intervals. The intervals are chosen in a way that the two
pieces overlap on a common frequency interval. Table 6.2 illustrates our
choices for one specific configuration, SLy-q1.2-sA005-sA008 in Table 6.1,
and lists: the different running times 7 (including the time needed to write the
file on disk); the sampling At/M; and the various intervals (in radius) where
the EOB dynamics is evolved. As explained in Sec. 5.4, in order to explore
the low-frequency regime one has to avoid the time-domain oversampling of
the waveform that naturally occurs from the ODE solver. To remove this,
the raw time-domain waveform phase is additionally downsampled and its
derivatives smoothed in order to get a clean and nonoscillatory ()., function.
The procedure is tedious, but straightforward and it is done separately on
different frequency intervals, with the final results eventually joined together.
To isolate the, Cg;-dependent only, @55 contribution within TEOBResumS we

of Sec. 6.2.3.



177

perform, for each configuration, two different runs, one with C; # 0 another
one with Cg; = 0. In both cases we compute the time-domain @), and finally
calculate

QTEOBResumS,SS_ TEOBResumSCQ#O_
w = Ww

TEOBResumSCQi:()

Qu (6.41)

[Mustrative results are shown in Fig. 6.1 for the two configurations SLy-q1-sA01-sB01
(left panel) and Mslb-q1-sA01-sBO1 (right panel). Each panel is sepa-

rated into two subpanels: the top part reports @55 with the EOB and

the three different PN truncations; the bottom panel reports the differences
AQEOBPN = (8Seos _ (9SSen | Tg orient the reader, the vertical lines super-

posed to the plot correspond to 50, 400, 800 and 1200 Hz. As mentioned

in Ref. [1] the comparison between the time-domain EOB @), and the fre-
quency domain PN-expanded @), is meaningful as long as the SPA holds. In

other words, this is true until the adiabatic parameter given by 1/@Q),, is small
enough. We will briefly comment about this at the end of the section.

The main conclusions we draw from figure Fig. 6.1 are: (i) the EOB
description of the self-spin effects at NLO is more phase-accelerating than
the LO one (both PN or EOB, cf. Fig. 14 of Ref. [1]); (ii) it is however
less phase-accelerating than the standard TaylorF2 NLO one. This seems
to corroborate the suggestion made in Sec. VI of Ref. [209] that part of the
phasing accumulated by this approximant is due to its PN-nature. Since,
a priori, tidal effects might be degenerate with self-spin effects (since they
both accelerate the phasing), the use of the 3PN Taylor-expanded approxi-
mant may introduce biases in the measurement of the tidal parameters. This
will deserve further investigations in the future; (iii) on the other hand, our
comparisons show that the TaylorF2 phasing augmented with the tail fac-
tor is fully consistent with the EOB-resummed description up to frequencies
~ 600 Hz. We have checked that the importance of the self-spin tail term in
reconciling the TaylorF2 with the EOB phasing description remains essen-
tially the same when changing the BNS model, though it slightly deteriorates
when the individual spins are increased. For example Fig. 6.2 refers to the
SLy-q1-sA04-sB08 configuration, with y4 = 0.4 and xp = 0.8, which illus-
trates the ability of the tail-completed TaylorF2 approximant to reasonably
agree with the EOB phasing even in difficult corners of the parameter space.

Let us now explore the implications of the NNLO self-spin correction to
re. [We recall that the corrections to r. only enter the Hamiltonian, and do
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not concern the waveform.] This is done in Fig. 6.3, which refers to configu-
rations SLy-ql.2-sA005-sB008, i.e., an unequal-mass binary with physically
motivated values of the spins and medium values of (Cga, Cgp). The NNLO
term yields an additional acceleration of the phasing. However, the corre-
sponding modification of the NLO curve is smaller than the modification of
the LO curve brought by the NLO contributions. [This intuitively suggests
some type of convergence of the EOB @), curves as the amount of analytical
information is increased.] Since the calculation of the self-spin terms in the
energy flux (and waveform) is currently not available at NNLO, we cannot
include in Fig. 6.3 the corresponding TaylorF2 curve. This raises the issue
of knowing to which extent the NNLO curve represents a faithful represen-
tation of the complete self-spin effects. We can venture an answer based on
the knowledge of what happens at NLO. Indeed, in the latter case one finds
that the effect of the NLO waveform amplitude terms is almost negligible:
the @), curve obtained by switching off these terms is essentially superposed
to the one with the NLO waveform corrections. Based on this finding, we
expect that a similar situation will hold at the NNLO level.

Let us finally get an idea of the effect of the complete quartic-in-spin term
once included into r.. This can be done evaluating numerically Co; and Chey
using the quasi-universal fits of Eq. (90) of Ref. [294] (see Sec. 3.2). Con-
sidering again the configuration SLy-q1l.2-sA005-sB008 of Fig. 6.3 above,
one notes that the NNLO spin-square effect is determined by the coefficient
danro = 0.108 entering r.. For the same configuration, the quartic-in-spin
LO coefficient of Eq. (6.22), that can be seen as a correction to daZyyg, nu-
merically reads daj o ~ 3.05 x 1074, so that its effect would be completely
negligible on the phasing analysis of Fig. 6.3. One also easily checks that one
would need to have x4 = xp =~ 0.29 so to have da;, ~ 0.1, thus yielding a
phasing correction, at the @, level, comparable to the da%y; o displayed in
Fig. 6.3.

6.5 Cubic-in-spin terms within the EOB Hamil-
tonian
In this Section, we discuss preliminary ways of incorporating in the EOB

Hamiltonian the LO cubic-in-spin contributions to the dynamics derived in
Ref. [289].
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As briefly mentioned in the main text, let us first recall that in TEOBResum$S
some contributions cubic in spin are already incorporated in the EOB Hamil-
tonian via the presence of u.(r, @;)-dependent factors in the gyro-gravitomagnetic
functions Gg and G, parametrizing the spin-orbit sector of the Hamiltonian
(see Sec. 6.2.1). Indeed, we have u? = u?(1 + (spin — quadratic)O(u?)) so
that the linear-in-spin couplings defined by Gg(u.) and Gg,(u.) automati-
cally contain some O(u®) spin-cubic contributions. However, one checks (see
main text, Eqgs. (6.15)-(6.16)) that the spin-cubic terms thereby already in-
corporated in the Hamiltonian are not the ones needed from the results of
Ref. [289]. This remark suggests a way of incorporating the needed spin-
cubic terms in a resummed manner, namely to introduce new definitions
of the function wu.(r,a;) to be used as inputs in modified definitions of the
gyro-gravitomagnetic functions Gg and Gg,. Say

Gs = 2““3@5@5(%)7

Gs. = (2 g VG, (ue),

¢,Gs,

(6.42)

where Gg(u,) = 14 O(u,) and Gg, = 1+ O(u,) are PN correcting factors
[162, 217]. [The arguments u, entering Gg(u.) and Gg, (u.) can be taken
as being any variable such that u? = u?(1 + (spin — quadratic)O(u?)).] We
found that this possibility a priori involves six parameters, parametrizing
the two different spin-quadratic expressions separately entering the modified
definitions of 77, = r? + spin — quadratic(l + O(u)) and 775, = r* +
spin — quadratic(1l + O(u)), modelled on Egs. (6.1), (6.2). This leaves the
freedom to arbitrarily choose two among these six parameters. This freedom
of choice can be used to simplify the resulting definitions. We have explored
this avenue. However, at this stage we did not find a unique, convincing way
of simplifying the two spin-quadratic expressions entering 7, and 77 s
We leave further studies along this avenue to future work.

Without committing ourselves to any specific resummed way of incor-
porating spin-cubic terms in the EOB Hamiltonian, we wish, however, to
display here the full information needed for such definitions. To do this we
will parametrize the spin-cubic contributions in the following 4-parameter,
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non-committal form
Hso = p, | G(u, ;) + (bso@® + b
+ bisGady + bosay)u’|, (6.43)

where 5
Glu,a;) = 2u°Gg(u)S + §u3és* ()5S, (6.44)
We then follow the procedure described in Section 6.2 to determine the

four parameters bsg, ba1, b12, bp3 entering this parametrization. By calculating

3
the corresponding modified version of c}qLO and comparing it to Eq. (6.15),
we obtain the simple expressions

bso = Cocta — 3C0a,

b1 = — 6,
biz = — 6,
bos = Cocts — 3CqB- (6.45)

Let us note that if we consider the BH limit where Cy = Coe = 1 the
needed modified spin-orbit coupling takes the very simple form

HSOBBH = Py G(U) — Q(S + S'*)3u5 . (646)

Let us also note that if we insist on utilizing the full TEOBResumS struc-
ture, keeping the cubic-in-spin terms that come from the use of r.(r, a;), as
defined in Eq. (6.1) above, we must modify the expressions of the parameters
b30, ba1, b12, bo3 into

7 1

bay = Cocta — gCQA - gXABCQA>
7T 17 1 1

by = — 1 + gCQA — Xap (Z - gCQA> ;
717 1 1

Vg = — 1t gCQB + Xap (Z — gCQB> )

7 1
bgs = Cocts — gOQB + gXABCQB- (6.47)
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In that case, the BBH case leads to the following very simple correction to
the spin-sector implied by the current TEOBResumS model:

~

Hsogpn = Py |G+ (S + S8.)28.4°| . (6.48)

| =

We postpone a comparison of the various avenues mentioned here to a
later work.

6.6 Post-adiabatic dynamics

The EOB/PN comparisons done in the main text employ TEOBResumS vO0.1,
that was implemented in C++4. An equivalent, though tidally enhanced
model (see [6]) and computationally more efficient version of the model (im-
plemented in C) is v1.0. All our codes are publicly available at

https://bitbucket.org/account/user/eob_ihes/projects/EOB

TEOBResumS v1.0 optionally implements the post-adiabatic (PA) approx-
imation to efficiently deal with the long inspiral phase [191]. Following the
logic of Appendix B of Ref. [6], we here present the performance of the PA
evolution in the case of spinning neutron stars. The result presented here
are obtained incorporating (i) NLO spin-quadratic information in the wave-
form and (ii)) NNLO spin-quadratic information in the Hamiltonian. This
should be considered as the default choice in TEOBResumS for what concerns
spinning BNS. Optionally, it is possible to switch on the EOS-dependence in
the quartic-in-spin correction to 7., Eq. (6.22), though this does not come as
default choice in the code.

Within TEOBResumS, the dynamics of a binary system is usually de-
termined by numerically solving the four Ordinary Differential Equations
(ODEs) of the Hamiltonian relative dynamics. The time needed to solve
these ODEs usually weighs as the main contribution to the waveform eval-
uation time. Using this C-implementation of TEOBResumS, a typical time-
domain BNS waveform requires ~ 1 sec to be generated starting from a GW
frequency of 10 Hz by means of standard Runge-Kutta integration routines
with adaptive step-size that are publicly available through the GNU Scientific
Library (GSL). Thus, ODE integration as is cannot be used in parameter es-
timation runs that require the generation of 107 waveforms. Reference [191]
proposed a method of reducing the evaluation time by making use of the PA
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approximation to compute the system dynamics. In Ref. [6] we restricted
to non spinning BNS and we showed, for the first time, how a waveform
obtained from the complete ODE evolution compares with a waveform ob-
tained by stitching the PA dynamics to the complete dynamics for the last
few orbits up to merger (as suggested in [191]). For completeness, we here
present the same comparison for two illustrative, spinning, BNS systems.
Let us briefly summarize the approach of Ref. [191]. The PA approxima-
tion to the EOB dynamics was introduced in Refs. [28, 29] (and expanded in
Refs. [166, 215]) and is currently used to initialize the relative dynamics in
TEOBResumS with negligible eccentricity. Using this approximation, it is pos-
sible to analytically compute the radial and angular momentum of a binary
system, under the assumption that the radiation reaction force is small. This
is true in the early inspiral phase and progressively loses validity when the
two objects get close. The approach starts by considering the conservative
system, when the flux is null, and then computes the successive corrections
to the momenta. We denote as nPA the n-th order iteration of this pro-
cedure. Practically, to compute the PA dynamics, we first build a uniform

fo [Hz] To min  N»  Ar  Tgpa [sec] Topg [sec]
20 112.81 12 500 0.20 0.03 0.53
10 179.02 12 830 0.20 0.05 1.1

Table 6.3:  Performance of TEOBResumS v1.0 for a BNS system with
1.35Mg + 1.35M,, SLy EOS and x4 = xp = 0.1. The waveform for the
x4 = xB = —0.1 case is a little shorter but the evaluation times are com-
parable to the ones showed in the table. fy and ry denote the initial GW
frequency and radial separation. The 8PA dynamics is computed on a grid
with N, points and grid separation Ar that ends at r,;, and then is completed
by the standard ODE one. The evaluation times 7 are determined using a
standard Intel Core i7, 1.8GHz and 16GB RAM. The code is compiled with
the GNU gcc compiler using O3 optimization.

radial grid from the initial radius rg to an ry;, up until which we are sure
the approximation holds. We then analytically compute the momenta that
correspond to each radius at a chosen PA order. Finally, we determine the
full dynamics recovering the time and orbital phase by quadratures. From
Tmin We can then start the usual ODE-based dynamics using the PA quanti-
ties as initial data as it is usually done (at 2PA order) in TEOBResumS. With
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fo 2] ro  7apy [sec] 76h [sec]
20 11281  0.10 0.64
10 179.02  0.37 1.70

Table 6.4: Performance of the TEOBResumS v1.0 when the final waveform
is interpolated on a time grid evenly sampled at 1/(4096 Hz). We use the
standard spline interpolation routine implemented in the GSL library. The
considered system coincides with the one of Table 6.3.

this method one can avoid to numerically solving two Hamilton equations
(those for the momenta), while the orbital phase and time can be obtained
by quadratures over a rather sparse radial grid.

Figure 6.4 displays the performance of the PA approximation (at 8PA
order) for two, illustrative, spinning BNS systems with 1.35M + 1.35M
and SLy EOS. The figure shows the distance-normalized waveform strain
h = R(hy — ihy), where we recall that the multipolar decomposition of the
waveform reads

‘gmax

l
R(hs —ih) =Y hom Y (0,9), (6.49)

=2 m=—4

where hy,,, are the waveform (complex) multipoles and _,Y (0, ) are the s =
—2 spin-weighted spherical harmonics (that are here evaluated at 6 = ® = 0).
In fig. 6.4 we evaluate h with /., = 8, i.e. retaining in the waveform the
same 35 multipoles that are used to compute the EOB radiation reaction. For
each binary, each subpanel displays the the waveform fractional-amplitude
difference (top), phase difference (medium) and real part of the waveform
strain. The left columns offer a global view, while the right columns focus
on the last few GW cycles up to merger. The vertical dashed line marks
the time where the PA evolution is stitched to the ODE evolution for the
last orbits where the PA approximation breaks down. Table 6.3 highlights
the performances of TEOBResumS v1.0 for such a case. Note that the initial
radius is determined by solving the circular Hamilton’s equations instead of
relying on the Newtonian Kepler’s law, as discussed in Sec. VI of Ref. [1].
The waveform computed using the PA dynamics (completed with the
ODE for the last few orbits) only takes around 50 milliseconds to be evalu-
ated. Such a time is comparable to the one needed by the surrogate models
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that are currently being constructed in order to reduce waveform evalua-
tion times (see e.g. [247]) and that, typically, only involve the { = m = 2
mode. Finally, Table 6.4 illustrates the performance of TEOBResumS when
the waveform of above, which is obtained on a nonuniform temporal grid
(because the corresponding radial grid is evenly spaced), is interpolated on
an evenly spaced time grid, sampled at At™! = 4096 Hz, that is usually
neecessary to compute the Fourier transform with standard algorithms. It
is remarkable that the generation time of the full multipolar waveform is be-
low 1 sec also when the starting frequency is 10 Hz. Such interpolation is
done with the spline interpolant that is freely available in the GSL library
and looks to be the main routine responsible for the computational cost of
the waveform generation. We expect this can be further speed up exploting
vectorization or shared memory parallelization. Similarly, one expects that
the number of radial gridpoints needed might be lowered further by adopting
a quadrature formula at higher order (now a third-order one is implemented,
following Ref. [191]) to recover the orbital phase and time. Such technical
improvements will be explored extensively in forthcoming works.

6.7 Using S and S, as spin variables.

Finally, for completeness, we report here the results of Sec. 6.2 using S and S,
as spin variables. First, the newly computed dag; o and dadyyo are written
as quadratic forms in (.5, S,) as
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6&12\ILO :m{ [—4 + 9v + (2 — 51/) (CQA + CQB) + (2 — I/) XAB (CQA — CQB)] 32

9 A
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+ [—2 + 22v — 6v (CQA + CQB) —2vX g (CQA — CQB)] gg*},

(6.50)
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_ EVXAB (CQA — CQB>} SS*}

Note that the use of (5, S,) leads to formally singular terms when v = 1/4.
This singularity is actually reabsorbed by (g , 5**) when the limit is done
carefully taking into account the various mass terms. From these equations,
one can obtain the orbital angular momentum j as a function of u, namely
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Similarly, the inverse expression can be written as
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Finally, the gauge-invariant link between the binding energy and the or-
bital angular momentum becomes



189

1 1 1 O A 1
1045 —4(5+28.) &
2j2{ +4(9+y)j2 (S+4S)jg
1 9 1 1 1 A9
+ §(81_7V+V)+1—41/ —2v + §—V (CQA+CQB)+§XAB(CQA—CQB) S
1 1 1 9
T —2v + 3 v | (Coa+ CoB) — §XAB (Coa — CoB)| S+
2 A 1 3 A 9 .11
+ 1— 4y [1 —2v — I/(CQA + CQB)] SS*}J—4 + |:(—36 - Zly> S + —ZS*:| j_5
n 3861_ 8833_4_12 _22_’_33
64 192 32" )77 3" T
1 9 25 53 v?
+1_4V|:32—152V—V +(Z_ZV_?> (CQA+CQB)
25 3 N
+ (Z — ZV) X B (CQA — CQB):| S?
1 63 9 21 37 V2
+1_4V|:Z—871/—V +(Z—ZV—5)<CQA+CQB)
21 5
- <Z + ZI/) XAB (OQA — OQB):| S*
1 A A 1
+ Iy [69 — 22Ty — 2% — (23 + V) Z/(CQA + CQB) —2vX 4B (CQA — CQB)] SS*}‘%

1701~ 3597 A 4295 411 5 A1
+ [(——+—u—195y2>8—|— <— —|——y——1/2) S*] —

i
By

2575 5 3 4 7449 17119 975
—V
28 4

i

8 4 16 ' 8 16 7
53703 <989911 128 6581 , 256 128 )
— 1%

220 2000 0 L 296 (9) 4 —Clog (1/4
128 020 T 5 0 32" o les@)+ —rles (1))

8875 41 2> 5 3 T, 1 8013 71545
v — v

14 28

VS) (Cqa + Cgn)

—_— — 3 [
61’ "1 T1-w

3’4 64"

L—

v+ —v
112 112 112

ol w

7449 2221 D

oY aesm Y2 _ G2
112 1127 16" )‘XAB(CQ”‘ CbB)}S

1 10203 2757 , 3 819 1473 1199 , 3
252 — 22 (2222 L 200 08 (Cpa + G

+1-—41/[ T i (]6 6 T ~§” ) (Caat Con)

8§19 165 11 i
— (E + EV_'— EVQ) X B (CQA — CQB)}SE

1 [4041 201927 5661 , 3 , (6591 533 3,

- SO (222, 0 Cou + C

+1—4y[4 6 TRV TR (28 28”+4V)V(QA+ az)



190

i

429 ey
14



191

ot SLy-q1:sA01-sB01 /—<

——EOB
08 ——PN: LO (2PN)

PN: NLO (3PN)
————— PN: LO+NLO+Tail (3.5PN)

0.02 0.04 0.06 0.08 0.1 0.12 0.14

EOBPN
o
)
)
i
|
i
i

AQ,

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

——PN: LO (2PN)
PN: NLO (3PN)
————— PN: LO+NLO+Tail (3.5PN)

-15¢

0.02 0.04 0.06 0.08 0.1 0.12

0 0.02 0.04 0.06 0.08 0.1 0.12
Mw

Figure 6.1:  Left panel: Sly EOS, M4 = Mg = 1.35, xa = xg = 0.1
and CQA = CQB = 5H.48. nght panel: Ms1B EOS, MA = MB = 135,
xa = xg = 0.1 and Cga = Cgp = 8.40. The grey vertical lines correspond
to 50, 400, 800 and 1200 Hz respectively. The additional Q5 2" term in
TaylorF2 is crucial to get an excellent agreement between the PN-expanded
and EOB phasing for most of the inspiral.
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Figure 6.2: Closeness of the tail-completed TaylorF2 description of the phas-
ing to the EOB one, even when rather high values of the individual spins are
considered.
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Figure 6.3: The effect of the NNLO self-spin term incorporated in the EOB
Hamiltonian for one of the configurations of Table 6.1. Although the NNLO
term results in an acceleration of the inspiral with respect to the NLO model,
the curve is still above the NLO PN-expanded TaylorF2 one.
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Figure 6.4: Comparison between the waveforms (obtained summing all
modes up to lpa.x = 8, see Eq. (6.49)) computed solving the ODEs with
the GSL rk8 routine with adaptive stepsize and the PA waveform completed
with the same ODE solver after » < r;,. We have considered BNS systems
with 1.35Mg + 1.35M, and SLy EOS (see first row of Table 6.1), starting at
initial frequency 10 Hz. Dimensionless spins are x4 = xp = 0.1 (top) and
X4 = xB = —0.1 (bottom). The parameters used for the PA run are listed in
Table 6.3. The dashed grey line marks the stitching point, r;,, between the
PA and ODE-based dynamics. Given the waveform strain as h = Ae ¢, we
defined the phase difference as ApOPE—8PA = pOPE _ 48PA and the fractional
amplitude difference as AAOPE-8PA = (JODE _ g8PA) J JODE " The larger dif-
ferences at the beginning of the evolution are partly due to the fact that the
complete ODE is started using only 2PA-accurate initial data.
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Chapter 7

Quasi-5.5PN TaylorF2
approximant for compact
binaries: point-mass phasing
and impact on the tidal
polarizability inference [3]

7.1 Introduction

The data-analysis of GW170817 [43] relied on gravitational waveform models
that incorporate tidal effects. The latter allow one to extract information
about the neutron star equation of state (EOS) via the inference of the
mass-weighted averaged tidal polarizability parameter A [243, 237, 211, 210,
299]. The understanding of the systematic uncertainties on the measurement
of A due to the waveform model /approximants have been the subject of
intensive investigation in recent years. For example, building on the work of
Favata [266], Wade et al. [300] investigated the performance of different PN
inspiral approximants within a Bayesian analysis framework for the advanced
detectors and found that the choice of approximant significantly biases the
recovery of tidal parameters. Later, a similar Bayesian analysis in the case of
LIGO and advanced LIGO detectors was carried out by Dudi et al. [301] who
concluded that the TaylorF2 3.5PN waveform model can be used to place
an upper bound on A. The same conclusion was drawn also by the study of
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the LIGO-Virgo collaboration [210].

Beside being interesting per se’ because done in the precise setup that is
relevant for data analysis, these studies collectively stress the paramount need
of having an analytically reliable description of the phasing up to merger.
The tidal extension of the effective-one-body (EOB) [28, 29] description for
coalescing compact binaries was introduced in [157] and developed during the
last ten years [206, 212, 213, 1, 6, 2] with the goal of providing robust binary
neutron star waveforms to be used in gravitational-wave inference. While
analytically more accurate, EOB waveform generation is usually slower than
PN. Different routes have been explored to speed up EOB approximants
(see Sec. 4.5). However, none of the methods described above provide us
with waveform generation algorithms faster than PN. Although it is well
known that inspiral PN approximants might be problematic, they retain the
advantage of being the most efficient for Bayesian inference.

One important source of systematics in BNS inspiral waveforms resides
in the description of the nontidal part (see e.g. [302]). The practice that
became common after the observation of GW170817 is to augment stan-
dard point-mass model with the tidal part of the phasing. A natural step
is thus to improve the accuracy point-mass PN approximant beyond the
current available technology. In this chapter we introduce a nonspinning,
point-mass, closed-form frequency-domain TaylorF2 waveform approximant
at quasi-5.5PN order (Sec. 7.2). The new approximant is obtained by PN-
expanding the adiabatic EOB dynamics along circular orbits. As such, it
delivers a phasing representation that improves the currently known 3.5PN
one. We show that, when applied in the GW data analysis context, the new
phasing description allows one to strongly reduce the biases in the recovery
of the tidal parameters that are usually present with the 3.5PN TaylorF2
point-mass (Sec. 7.3).

7.2 Quasi-5.5PN-accurate orbital phasing

Building upon Damour et al. [243], Ref. [11] illustrated how to formally obtain
a high-order PN approximant by PN-expanding the EOB energy Egop and
energy flux Fgop along circular orbits. Stopping the expansion at 4.5PN,
allowed one to obtain a consistent 4.5PN approximant with a few parameters
needed to formally take into account the yet uncalculated v-dependent terms
in the waveform amplitudes at 4PN. Here we follow precisely that approach,
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but we extend it to 5.5PN accuracy. To get the waveform phase in the
frequency domain along circular orbits, we start with the gauge-invariant!
description of the adiabatic phasing defined by

deOB) -

(7.1)

Qu = Eros(2) ( o

where © = (Mw)?/3, with w the orbital frequency along circular orbits. The
high-order phasing approximant is obtained by Taylor-expanding the above
equation and then by solving Eq. (5.34), that we rewrite here in terms of the
frequency f as

d2\1{5.5PN o Qw(f)
d2 f f2
where f = Mf = w/2r. The double integration of Eq. (7.2) delivers
\If5_5pN(f) modulo an affine part of the form p + ¢f, where (p,q) are two
arbitrary integration constants that are fixed to be consistent with the usual
conventions adopted in the literature for the 3.5 PN approximant [99].

We consider here only nonspinning binaries (the reader is referred Sec. 7.5
for the discussion of the spin case). The corresponding, circularized, EOB
Hamiltonian is given by Eq. (4.19), where the effective Hamltonian (4.24)
has been rewrited in terms of the orbital angular momentum along circular
orbits j, i.e. Heg = Heg/p = \/A (1 4+ u?52), where A(u) is the EOB
interaction potentlal (4.15) plus a 5PN term v(a¢ + a Inu)u® with af an
analytically unknown coefficient. The orbital angular momentum along cir-
cular orbits j is obtained solving OuHeg = 0. By PN-expanding one of
Hamilton’s equations, Mw = 0, H"°B, one obtains z(u) as a 5PN truncated
series in u, that, once inverted, allows to obtain the (formal) 5.5 PN accurate

energy flux as function of x by PN-expanding its general EOB expression
F =3, Ze—_m Newt [, where FNe" is the Newtonian (leading-order)

contribution and Fgm is the relativistic correction. Each multipolar contribu-
tion within the EOB formalism comes written in factorized and resummed
form as Eq. (6.32). Here we use the relativistic residual amplitude (pg,) in-
formation reported in Eqs (7)-(18) of Ref. [11], where the unknown high-PN
coefficients (polynomials in v) have been parametrized by some coefficients
cem. We include for consistency all the coefficients to go up to the ¢ = 7,
m = even multipoles.

, (7.2)

'In the sense that it is independent of time and phase arbitrary shifts.
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From Eq. (7.1) one obtains the following PN-expanded expression

QBN =1+ bQI + b3$3/2 + b4ZL’2 + b5$5/2
+ b(;l'g + b7l’7/2 + bg[L‘4 + ng9/2 + b10$5 + blll‘ll/g. (73)

The coefficients of this expansion, that are reported in full in Sec. 7.6, have
the structure b; = b? + b;(v), where Y is the v-independent (test-particle)
part, fully known analytically, while the b;() encode the v-dependence that
is completely known at 3PN, while only partially known at 4PN because the
corresponding waveform calculation is not completed yet. The v-dependence
beyond 3PN is formally incorporated by extending the analytically known
pem function with additional v-dependent coefficients and then reflects in
the coefficients b;(r). Among these coefficients, those that depend on the
parameters that we have introduced in the computation are

bs = bs(c3y Cy ™) (7.4)
bio = bro(c ™, ™, 35 ™) 7.5)

_ 3PN 4PN
bin = bu(cy scp ) -

In the following analysis, we fix to zero ag as well as all the yet uncalculated,
v-dependent, PN waveform coefficients entering Eq. (7.3) above. This entitles
us to use the definition of quasi-5.5PN approximant (this PN-order choice
is discussed in Sec. 7.4 and resumed in Fig. 7.5). Note however that in the
NR-informed EOB model, that we shall use to check the reliability of this
quasi-5.5PN approximant, all the waveform coefficients are equally fixed to
be zero; on the contrary, ag is informed by NR simulations and, as such,
effectively takes into account, to same extent, all this missing analytical
information. The importance of the v-dependent waveform coefficients is, a
priori, expected to be low, as suggested in Table II of [4]. This is in accord
with the fact that an eventual tuning of some free parameters is better when
they tend to be small (see See Sec. 7.4).

7.2.1 Assessing the 5.5PIN phasing accuracy

Let us now study the performance of TaylorF2 at 5.5PN versus the full EOB
phasing. We do so by comparing the corresponding (), functions and taking
the differences, similarly to what was done in Ref. [209] for isolating the tidal
part of the EOB phasing and in Ref. [2] for isolating the quadratic-in-spin
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Figure 7.1: Comparison between the point-mass (nonspinning) orbital phas-
ing for ¢ = 1 QEOB — QPN difference up to (approximate) merger time. The
vertical lines mark the 10Hz, 20Hz, 718Hz or 1024Hz for a (1.35 4 1.35) M
binary. The quasi-5.5PN curve is always much closer to the EOB one than
the standard 3.5PN approximant.

part. Since we have in mind an application to a paradigmatic BNS system,
Fig. 7.1 only focuses on the ¢ = 1 case. We show our results in terms of
differences between the EOB and the PN curves, Q298 —QPN. The top panel
of the figure illustrates the full phasing acceleration evolution, up to the peak
of the EOB orbital frequency that is identified with the merger. The bottom
panel is a close up on the inspiral part. The vertical lines corresponds (from
left to right) to 10Hz, 20Hz, 718Hz and 1024Hz for a fiducial equal-mass BNS
system with (1.35+ 1.35) M. The 718Hz line corresponds to @ = 0.06, that
roughly corresponds to the NR contact frequency [240]. The figure highlights
that the quasi-5.5PN approximant delivers a rather good representation of
the point-mass EOB phasing precisely up to @ = 0.06. Table 7.1 reports the
phase difference

A¢(@0@1) = / AQudlogw , (7.7)
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Table 7.1: EOB/PN phase difference accumulated between [fy, f1]. It is
obtained by integrating the AQECBPN’s in Fig. 7.1 between the corresponding
values of log(w). The limits of integration are denoted in Hz as we want to
ideally refer to the fiducial (1.35 + 1.35) M, binary system.

wo x 100 @ folHz] fi[Hz] AGFERY  Agpgil™

8.35 0.086 10 1024 0.2718 0.1364
8.35 0.060 10 718  —0.1916  1.45 x 1073
16.7 0.086 20 1024 0.3009 0.1354
16.7 0.060 20 718  —0.1625 4.54 x 1074
20.0 0.086 24 1024 0.3110 0.1348

accumulated between the frequencies [wg, ;| (or equivalently [fo, f1] in phys-
ical units) marked by vertical lines in the plots. The numbers in the table
illustrate quantitatively how the 5.5PN phasing approximant delivers a phas-
ing description that is, by itself, more EOB compatible than the standarly
used 3.5PN one. Note that this is achieved even if the EOB incorporates the
effective, NR-informed, a%(v) parameter, that is not included in the TaylorF2
approximant.

7.3 Application to A inference

We focus now on a BNS system to study the implication of changing the PN-
accuracy of the point-mass baseline on the estimate of the tidal polarizability
parameter

/~\ _ E (ml -+ 127712)77111/\1 + (mg + 12m1)m§A2
13 M> ’

(7.8)

where A = 2/3ki [2/(GC:)]” where C; = m;/R; is the compactness of each
star and k% the corresponding quadrupolar Love number [227, 110, 233, 108],
see Sec. 3.1.4.

We construct equal-mass EOBNR hybrid BNS waveforms by matching
the TEOBResumS EOB tidal model [1] to state-of-the-art NR simulations of
the CoRe collaboration [209]. Note that the version of TEOBResumS used here
does not incorporate the analytical developments of Refs. [2, 6]. Two fiducial

waveforms are considered here corresponding to two nonspinning, equal-mass
(1.35M¢ + 1.35M) BNS models described by the SLy and H4 EOS. The
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Table 7.2: Data behind Figs. 7.2 and 7.3. For each measured quantity, chirp
mass M, symmetric mass ratio v and tidal polarizability A, the columns
report: the injected value; the minimum value of frequency considered, either
24Hz or 32Hz; the combination EOS-SNR; finally, the last three columns list
the median values measured with the three different waveform approximants
with the 90% credible interval. The last row of the table shows the average
waveform generation time for each approximant, assuming starting frequency

of 24Hz.
Injected Val.  fnim EOS SNR TF2 3.5PN TF2 5.5PN IMRPh.D_NRTidal

SLy 30 1.1753+1733 1.1753+1733 1.1753%+1733

oupl, . H4 30 1.1753%;};;3 1.1753%};33 1.1753%;}%3

M 11759 SLy 100 11753117237  1.1753}1%23 1.17531-{733
: H4 100  1.1753}1754 1.17531-1752 1.17531-1752

s, Sy 30 L1754 10T 1175411757 1175411728

H4 30 1.17541-1759 1.17541-1757 1.17531-1759
SLy 30  0.246497337%° 0.245583317%  0.246369-33707

i, T4 30 0.247290:3333"  0.245810:33933 0.24599:2496
, 0.95 SLy 100 0.248570239%% 0.24738523%92  0.247038-23995
H4 100 0.24877931097  0.247353332%%  0.247028-24907
s, Sby 30 0.246587-2375¢ 0.24678;%%32% 0.24592]-23997
H4 30  0.246849:23997  0.246029:2305%  0.245769:33999
392 SLy 30  935.91Z37TT  517.8877132 400.4775%-30
1110 oqp, . H4 30 1690.56335%5  987.29157%:33 1044.27§35%18
i 392 SLy 100  452.24%%33%  301.8715922 295.21‘1153;;;
1110 H4 100 1405.421728-90  894.9319%%91 1051.61339512
392 s, Sy 30 100747373387 572.291177:87 419.89507 12
1110 H4 30  1675.67385%40%  1042.61574%3° 1060.44433%35
Average Time 22.9 ms 32.68 ms 60.13 ms

corresponding values of the tidal parameters are A = 392.231 (Sly EOS) and
A = 1110.5 (H4 EOS) [For equal masses A = A; = A,.] The waveforms
are injected at SNR of 30 and 100 into a fiducial data stream of the LIGO
detectors [303]. We assume the projected noise curve for the Advanced LIGO
detectors in the zero-detuned high-power configuration (ZDHP) [223] and no

actual noise is added to the data.

The injected waveform is recovered with three approximants:
(i) IMRPhenomD_NRTidal [209], where the point-mass orbital phasing is ob-
tained by a suitable representation of hybridized EOB/NR BBH waveforms,
the PhenomD approximant [30]; (ii) TaylorF2 where the 3.5PN orbital phase
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is augmented by the 6PN (next-to-leading) tidal phase [242]; (iii) the same as
above where the 3.5PN orbital, nonspinning, phase is replaced by the quasi-
5.5PN one. The models are implemented in the
LSC Algorithm Library Suite (LALSuite). The LIGO-Virgo parameter-
estimation algorithm LALInference [45]) is then employed to extract the
binary properties from the signal. We use a uniform prior distribution in the
interval [1Mg), 3Mg] for the component masses, and a uniform prior between
—1 and 1 for both dimensionless aligned spins. We also pick a uniform prior
distribution for the individual tidal parameters A; 5 between 0 and 5000.
The outcome of the analysis is illustrated in Fig. 7.2 for the SLy EOS
and and Fig. 7.3 the H4 EOS. We compare the inference of the tidal pa-
rameter done on two frequency intervals, [24,1024] Hz and [32,1024]. Note
that we do not extend the analysis interval even further because we know
that the orbital part of the TaylorF2 approximants becomes largely inaccu-
rate at higher frequencies. For SNR = 30 one finds that the 3.5PN orbital
baseline induces a clear bias in A, while the quasi-5.5PN one agrees much
better with the PhenomD model as well as the expected value (vertical line
in the plots). Incrementing the SNR to 100, the statement only holds for
the softer EOS, since for the H4 case also the 5.5PN approximant is biased,
although still less than the 3.5PN one. The two figures are complemented by
Table 7.2, that, for each choice of configuration and SNR, lists the recovered
values with their 90% credible interval. The last row of the table also reports
the time needed to generate a single waveform during the PE process: inter-
estingly, the timing of the quasi-5.5PN TaylorF2 is comparable to the one
of the 3.5PN approximant, i.e. it remains approximately two times faster
than PhenomD NRTidal being consistent with this latter at SNR < 30. This
suggests that, for events similar to GW170817 or quieter, the quasi-5.5PN
TaylorF2 can effectively be used in place of PhenomD_NRTidal to get an even
faster, yet accurate, estimate of the parameters.

7.3.1 Understanding waveform systematics of the in-
jections via the (), analysis

Let us finally heuristically explain why the effect of the 3.5PN-accurate or-
bital baseline is to bias the value of A towards values that are larger than the
theoretical expectation. Inspecting Fig. 7.1 one sees that the QE08 — Q35PN
is negative. This means that the PN phase accelerates less than the EOB
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one, namely the inspiral occurs more slowly in the 3.5PN phasing description
than in the EOB one. Loosely speaking, one may think that the gravitational
interaction behind the 3.5PN-accurate orbital phasing is less attractive than
what predicted by the EOB model. Evidently, this effect might be compen-
sated by an additional part in the total PN phasing that stems for a part of
the dynamics that is intrinsically attractive and that could compensate for
the inaccurate behavior of the 3.5 PN. Since eventually the phase difference
is given by an integral, two effects of opposite sign can mutually compensate
and thus generate a PN-based frequency phase that is compatible with the
EOB one. Since tidal interactions are attractive, the corresponding part of
the phasing is naturally able to compensate the repulsive character of the
orbital phasing. For this compensation to be effective, it may happen that A
has to be larger than the theoretically correct one that accounts for the tidal
interaction (at leading order) in the EOB waveform.

Such intuitive explanation is put on more solid ground in Fig. 7.4. The
figure refers to the SLy model and compares two EOB-PN @, differences
AQEOBPN = QEOB _ OPN " where the QFOP is the complete function, while
QPN is obtained summing together the 3.5PN orbital phase and the 6PN-
accurate tidal phase [230]. When we use the theoretically correct value of
A = Ay = Ay = 392.231 the phase difference in the interval & € [y, 1] =
[0.002, 0.06], corresponding to f € [20, 718] Hz (dotted vertical line in the fig-
ure) for this binary, is A¢,e,) = —0.276 rad. By contrast, if the value of A
is progressively increased, the accumulated phase difference between [Wy, 1]
gets reduced up to Aggyer) =~ 2.429 x 107 for A = 442.987. Note how-
ever that such analytically predicted “bias”in A depends on the frequency
interval considered: if we extended the integration up to w; ~ 0.08 (corre-
sponding to 957.4 Hz) one finds that a similarly small accumulated phase
difference A¢p o2,008 = 5.0 x 107° is obtained for A = 424.08, i.e. the an-
alytical bias is reduced. This fact looks counterintuitive: a result obtained
with a PN approximant is not, a priori, expected to improve when including
higher frequencies. By contrast, the fact that the analytic bias is (slightly)
reduced increasing w, just illustrates the lack of robustness as well as the lack
of predictive power of the approximant in the strong-field regime. Generally
speaking, one sees that the combination of 3.5PN orbital phase with 6PN
tidal phase may result in a waveform that is effectual with respect the EOB
one, in the sense that the noise-weighted scalar product will be of order unity,
but with an incorrect value of the tidal parameter. This simple example is
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Table 7.3: EOB/PN phase difference accumulated between [fy, f1]. It is
obtained by integrating the AQECBPN’s in Fig. 7.5 between the corresponding
values of log(w), also listed in the table. The limits of integration denoted in
Hz refer to the fiducial (1.35 + 1.35) M, binary system.

wo x10°  &n  fo[Hz] fi[Hz] A¢isP™ AgFER™  Adfpy™
835 0086 10 1024 1.0805  1.0109  1.6306
835 0060 10 718 04984 0469  0.9241
167 0086 20 1024  1.079  1.0094  1.6235
167 0060 20 718 04970 04675  0.9170
200 0086 24 1024 10781  1.0085  1.6203

helpful to intuitively understand how the incorrect behavior of the point-mass
nonspinning phasing can eventually result in a bias towards larger values of
A. Interestingly, this value is close to the value obtained with SNR=100 (see
left-bottom panel of Fig. 7.2). Although the analysis of Fig. 7.4 certainly
cannot replace an injection-recovery study, it should be kept in mind as a
complementary tool to interpret its outcome within a simple, intuitive but
quantitative, framework.

7.4 Why quasi-5.5PN7?

Post-Newtonian expansion are truncated asymptotic series, so it is not a
priori granted that by increasing the PN order one will automatically get
a better approximation to the exact result. The choice of using the quasi-
5.5PN TaylorF2 for the injection study of Sec. 7.3 was made after having
carefully analyzed all the previous quasi-PN orders beyond 3.5PN and hav-
ing compared each PN-truncation of the @), function to the corresponding
outcome of TEOBResumS. The result of this analysis is shown in Fig. 7.5, that
illustrates how the quasi-5.5PN QEOB — QPN difference remains consistently
close to zero for a frequency interval that is much longer than for any other
lower-PN truncation. This finding justifies our choice of focussing on the
quasi-5.5PN approximant in the main text.

With this PN order, the first natural question that follows is whether
there is some simple way to improve the accuracy of the approximant just by
tuning some of its (many) free parameters. Before entering this discussion,
the simplest thing to do is to incorporate more analytical information, e.g.
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instead of using a§ = 0 incorporating either the analytical gravitational self-
force value a§(0), that was obtained in Refs. [152, 304]

1066621 14008~y 24636772

c 0) = —
a(0) 1575 105 3072
317361og(2)  243log(3)
105 + = (7.9)
or even the numerical-relativity informed one [34]
0§ N () = 3097.3v% — 1330.61 + 81.38. (7.10)

Although these two functions encode physically correct effect (though only
effectively for a§ygr(v)) they turn out, both, to increase the repulsive char-
acter of the approximant, without any real advantage. In practice, when the
values above are used, one get an acceptable EOB/PN agreement only up to
w = 0.02.

From the PN point of view, we expect from Table II of [4] that the order
of magnitude of the various cb coefficient is small. This is the rational be-
hind our conservative choice of simply setting then to zero. Still, one could
think to use some of these coefficients, as well as ag as tunable parameter and
investigate whether it is possible to flex the quasi-5.5PN TaylorF2 approxi-
mant so as to reduce the EOB/PN disagreement even to frequencies higher
than 0.06.

As a proof of principle, we explored that this is the case considering the
q = 1 case and flexing, at the same time, both a and ciN, that are, in
sense, the lowest-order unknown coefficients in the model. One easily finds
that fixing a = 49 and ¢35 = 10.45 the integrated EOB/PN phase difference
in the point-mass sector accumulated on the interval [wg, ;] = [0.002,0.08]
can be reduced from 0.085 rad to ~ 10~ rad.

7.5 Mass ratio and spin

Increasing the mass ratio or the spins (to mild values) of the binary does not
affect the robustness of the quasi-5.5PN, untuned, approximant. In Fig. 7.6
we see that the difference between the “exact” numerical @), and the ana-
lytical one is still approximately flat for a qualitatively wide range of fre-
quencies. Beyond that, for what concerns the spin, we show in Figs. 7.7 a
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qualitative point-mass BNS case with realistic positive and negative spins.
In this case we put to zero the quadrupole-monopole interaction terms,
Co1 = Cg2 = 0, removing the quadratic-in-spin PN corrections both in the
numerical TEOBResumS model and in the analytical approximant. So con-
tribution of the mixed y;xs2 terms and the spin-orbit interaction is tested,
including for completeness also the new 4PN spin-orbit Taylor-F2 term com-
puted in Ref. [2], i.e. the @, analogue of Eq. (48) there. While the spin-orbit
terms are already contained in TEOBResumS in a resummed form, we neglect
the spin cube and spin quartic PN corrections (see [2]) for simplicity, since
their effect does not affect our preliminary robustness test.

7.6 Quasi-5.5PN phasing coefficients

We report in this section the explicit expressions for the coefficients entering

Eq. (7.3). For simplicity, we put to zero all the cbN’s except cib™ and 3.
We have:
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The GW phase in the SPA is computed from the @, using (7.2) and it is
given by the Taylor series

U(f) = sy Z%(WMf)i ; (7.20)

with the coefficients:
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Figure 7.2: 1.35M, + 1.35M binary with Sly EOS. Inference of A with
different waveform model on different frequency intervals [fiin, fmax] With
different SNR. The vertical line corresponds to the injected value ASW =
392.231. Irrespectively of the value of SNR, the 3.5PN baseline introduces a
strong bias (and spread) in the measure of A. By contrast this is practically
reabsorbed when using the quasi-5.5PN point-mass baseline. The dashed
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Figure 7.4: Heuristic explanation of the bias on A: 1.35M, + 1.35M
binary, Sly EOS, A = 392.231. Shown is the gauge-invariant difference
AQEOBPN = QEOB _ OPN hetween the EOB @), and the PN @, with the
3.5PN orbital baseline augmented by the 6PN-accurate tidal phase. Increas-
ing the value of the tidal parameter to A = 442.987 is very effective in reduc-
ing the phase difference accumulated between in the interval w € [0.02,0.06]
(dotted vertical line) to a negligible value. Such @ interval correponds to
f € [24,718] Hz for this binary. The upper frequency limit corresponds to
957.4 Hz.
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Chapter 8

Factorization and resummation:
A new paradigm to improve
gravitational wave amplitudes.
I1: the higher multipolar

modes [4]

8.1 Introduction

The parameter estimation of gravitational wave events [38, 39, 39, 40, 41, 42,
43| relies on analytical waveform models, possibly calibrated (or informed) by
Numerical Relativity simulations [31, 32, 33, 30, 34, 35, 36, 37]. The effective-
one-body (EOB) model is currently the only analytical model available that
can be consistently used for analyzing both black hole binaries and neutron
star binaries [157, 206, 247, 212, 213, 246]. One of the central building blocks
of the model is the factorized and resummed (circularized) multipolar post-
Newtonian (PN) waveform introduced in [8] for nonspinning binaries. This
approach was then straightforwardly generalized in [175] to spinning binaries.
Already Ref. [175] pointed out that, in the test-particle limit, the amplitude
of such resummed waveform gets inaccurate in the strong-field, fast velocity
regime, when the spin of the central black hole is = 0.7. In the same study,
an alternative factorization to improve the test-mass waveform behavior also
for larger values of the spin was discussed. More pragmatically, Ref. [305]
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finally suggested to improve the analytical multipolar waveform amplitude
(and fluxes) of [175] by fitting a few parameters, describing effective high-
PN orders, to the highly-accurate fluxes obtained solving numerically the
Teukolsky equation [93]. Although this approach is certainly useful to reliably
improve the radiation reaction force that drives the transition from quasi-
circular inspiral to plunge [226, 61, 306] for a large mass-ratio binary, the
question remains whether the domain of validity of purely analytical results
can be enlarged in some way. This question makes special sense nowadays,
since PN calculations of the fluxes are available at high order [298, 307]
and one would like to use them at best. In addition, following for example
the seminal attitude of Refs. [167, 8], one has to keep in mind that the
test-particle limit should always be seen as a useful theoretical laboratory to
implement new methods and test new ideas that could be transferred, after
suitable modifications, to the case of comparable-mass binaries.

Reference [9] gave a fresh cut to this problem by exploring a new way
of treating the residual, PN-expanded, amplitude corrections to the wave-
forms (i.e., the outcome of the factorization of Refs. [8, 175]) that consists
of: (i) factorizing it in a purely orbital and a purely spin-dependent part;
(ii) separately resumming each factor in various ways, notably using the
inverse Taylor (“iResum”) approximant for the spin-dependent factor. Us-
ing the test-particle limit to probe the approach, Ref. [9] showed that such
factorization—and-resummation paradigm yields a rather good agreement be-
tween the ¢ = 2 numerical and analytical waveform amplitudes up to (and
often beyond) the last stable orbit (LSO). The contextual preliminary analy-
sis of the comparable-mass case of [9] also suggests that such improved wave-
form amplitudes are more robust than the standard ones and may eventually
need less important NR-calibration via the next-to-quasi-circular correction
factor [167].

The purpose of this chapter is to deepen and refine the investigation of
Ref. [9] as well as to generalize it to higher multipoles up to £ = 6. The chap-
ter is organized as follows. In Sec. 8.2 we review and improve the test-particle
results of [9] and generalize the procedure up to ¢ = 6 modes. Section 8.3
brings together all the PN-expanded results currently available for the spin-
dependent waveform amplitudes [297, 76, 75], notably written in multipolar
form, while Sec. 8.4 explicitly shows the spin-dependent part of the factor-
ized residual amplitudes, both in the standard form of [8, 175], and with the
factorization of the orbital terms. The approach to the resummation is un-
dertaken in Sec. (8.5), in particular by discussing the hybridization (notably
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of the orbital terms) with the test-particle information.

8.2 Test-particle limit: improving the resid-
ual multipolar amplitudes

The purpose of this Section is to review and improve the test-particle results
of Ref. [9] for the ¢ = 2 multipole and then generalize them to all multipoles
up to ¢ = 6. Each waveform multipole is written as Eq. (4.36), as explained
in Sec. 4.4 and references therein. Such PN correction is then written in
factorized form [159] as

hem(x) = SR fom (@, S1, Ss). (8.1)

We briefly remind the reader that here the first factor, Sézf) , is the parity-
dependent effective source term [8], defined as the EOB effective energy along
circular orbits, for ¢ = 0, or the Newton-normalized orbital angular momen-
tum, for € = 1; the second factor, hf2l = T},em is a complex factor that
accounts for the effect of the tails and other phase-related effects [8, 308, 278];
the third factor, fs, is the residual amplitude correction. This latter factor
can be further resummed in various ways, that notably depend, when v # 0
and Sy 2 # 0, on the parity of m. For example, the original proposal of [8],
implemented when the objects are nonspinning, was to first compute from
the fo, the (Taylor-expanded) functions

pom = T [(fe)"'] (8.2)

where T,,[...] indicates the Taylor expansion up to z™ and then define the
resummed fy,, by replacing their Taylor expansions with (g, )¢, When spins
are present, the py,, functions are naturally written as the sum of an orbital
(spin-independent) and a spin-dependent contribution as

Pem = P+ Do (8.3)

Reference [9] proposed then to improve the strong-field behavior of the pg,,’s
functions by (i) writing them as the product of a purely orbital and purely

spin-dependent factors as

p - pgrrrkl)ﬁ?m7 (84)
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where p = T,[1+ p3.,/p%P], and then resumming each separate factor in a

certain way that we detail below . Although there is no first-principle rea-
son for treating the orbital and spin contributions as separate multiplicative
factors, such representation proved useful for interpreting the global behavior
of the pp,’s as well as for improving it near (or even below) the LSO. For
instance, it was argued that a sort of compensation between the spin and or-
bital factors should occurr in order to guarantee a good agreement between
the numerical and analytical functions close to the LSO, especially for large
and positive values of the black hole spin. To accomplish such effect, it is
necessary to resum each factor (or at least the spin-dependent one), that is
given by a truncated Taylor series, in a specific way. In particular, it was
suggested [9] that a simple and efficient method to temperate the divergent
behavior of pf = towards the LSO is to take its inverse Taylor series (or inverse
resummed representation, “iResum”) defined as

-1

Ao = (T [ (Ba@) ]) (8.5)

Reference [9] illustrated that, due to the large amount of PN information
available, it is possible to achieve satisfactory numerical /analytical agreement
using different truncated PN series as a starting point, though lower-PN
orders (e.g. 6PN) are preferable with respect to high-PN orders (e.g. 10PN
or 20PN)?. The analysis [9] also showed that, once that the factorization and
resummation paradigm is assumed, one is free to choose at what PN order to
work, provided the resummed amplitude shows a good agreement with the
numerical curves. For consistency with previous, EOB-related, works [159],
in [9] it was chosen to keep the orbital part at 5PN order, and in Taylor-
expanded form, together with the spin-dependent factor truncated at 3.5PN.
This choice was made so to be consistent with the spin-dependent information
used in the comparable-mass case. For the £ = m = 2 multipole, this yielded
rather acceptable analytical /numerical agreement (~ 1%) up to the LSO for
all spin values between —0.99 and +0.99 (see Fig. 4 of [9]).

1To simplify the notation, note that we are using here the same symbol pg,,, for both
the orbital-additive and orbital-factorized amplitudes. By contrast, Ref. [9] was addressing
with pg,, the orbital-factorized amplitudes.

2Tt has to be stressed that the impact of high-PN information, i.e. larger than 10 PN,
has not been assessed throughly yet, except for preliminary investigations reported in
Ref. [9]. We are not going to do this in the current work, but we postpone it to future
studies.
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Here we relax the constraint of being consistent with previous EOB-
related works and present, instead, a new recipe to further improve £ = m = 2
results of Ref. [9] and extend them to higher multipolar modes. To do so,
we: (i) generally increase the PN order, possibly requiring it to be the same
for both the spin and orbital factors; (ii) resum the orbital factor using some
Padé approximant, to be chosen according to the PN order and the multipole;
(iii) resum the spin factor taking its inverse Taylor approximant (iResum)
as proposed in [9], see Eq. (8.5) above. We find that, modulo a few ex-
ceptions to be detailed below, a good compromise is reached by working at
relative 6PN order for each mode® and then taking a Padé Py approximant?
for the orbital factor®. There are exceptions to this choice (see 2nd column
of Table 8.1). For example, the (2,1) mode is better represented using a
PP approximant, the (3,1) using a P (i.e. keeping p$® at 5PN accuracy),
while for (4,2), (5,1) and (6,1) the orbital factor in Taylor-expanded form
is preferable. These choices are made so that the analytical pg,’s remain
as close as possible to the numerical one up to the LSO (and possibly be-
yond). This is illustrated in Fig. 8.1, which displays all pg,,’s functions up
¢ = 6. The figure collects five values of the dimensionless black-hole spin,
a = (—0.99,-0.5,0,40.5,40.99). The analytical functions are depicted as
colored curves, while the numerical data are black. Both curves extend up to
the light-ring, while the filled circle mark the LSO location. The a = +0.99
curves extend up to the highest-frequency (purple, lowest curve) while the
a = —0.99 is at the top of each panel and is depicted red. The information
encoded in the figure is complemented by Table 8.1, that lists, for each multi-
pole, the Padé approximant adopted together with the numerical/analytical
fractional difference evaluated at the LSO. The figure also highlights that
the numerical/analytical agreement looks improvable (for large values of @)
for some subdominant modes, especially p3; and pge, where the analytical

3This means that the functions ﬁgz in Eq. (4.36) are taken at 6PN, i.e. as 6th-order
polynomials in z. This implies that the global PN-accuracy we retain is actually higher
than 6 PN, because of the presence of the Newtonian prefactors héﬁ’e).

4To ease the notation, we indicate with P7 the Padé approximant of order (n, d), where
n is the highest power of the numerator and d the highest power at the denominator of
the rational function.

5A priori one would like to use diagonal Padé approximants, since they are known to
deliver, in general, the closest approximation to the full function. However, we found that
spurious poles are always present in this case. This fact prevents us from making this
choice to preserve the simplicity of the approach.
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functions are systematically above the numerical ones towards the boundary
of the z-domain considered. The reason behind this behavior is that both
P3(peEP) and Pi(pgP) develop a spurious pole on the real z-axis, at x ~ 0.86
for the former and at x =~ 0.82 for the latter. In this respect, we stress that
our choices about the PN truncation order and the consequent resummation
strategies should be seen as a compromise between simplicity (i.e. using rel-
atively low-order PN-information) and achievable accuracy (i.e. good global
agreement with the numerical functions). For example, one finds that the
numerical/analytical disagreement for p3; at the LSO for @ = 40.99 can be
reduced to just —0.17% by: (i) taking p3" at only 4PN order and resumming
it with a P} approximant, while (ii) g3, is taken up to 8PN order and then
resummed as usual with its inverse Taylor series. Similarly, one also easily
finds that the global behavior of the (3,3), (4,4) and (5,5) modes can be
improved by just keeping the orbital factor in Taylor-expanded form instead
of replacing it with its (4,2) Padé approximant. To figure out the relevance
of any of these improvements, it is convenient to inspect the total energy
flux reconstructed using the resummed py,,’s. At a practical level, some an-
alytical /numerical differences that look large on the py,’s are subdominant
within the flux and can be practically ignored. Figure 8.2 compares Newton-
normalized energy fluxes, with all multipoles summed together up to ¢ = 6
included, as follows: (i) the numerical flux, that can be considered as “ex-
act” since its numerical uncertainty is of 107 [309] (i.e. several orders of
magnitude smaller than the relative differences illustrated in Table 8.1); (ii)
the analytical flux that is obtained from the pg,,’s shown in Fig. 8.1, where
the choices for the Padé of the orbital part are listed as non-bold face in
Table 8.1 (dot-dashed, orange line); (iii) the analytical flux obtained by tak-
ing the p3°, p3iP and p2 as plain 6PN-accurate Taylor expansions; (iv) the
analytical flux where the 6PN-accurate py,,’s are neither further factorized
nor resummed, following the original paradigm of Refs. [8, 175]. The ver-
tical line marks the LSO location. The figure illustrates how changing the
treatment of the orbital part of the subdominant modes mentioned above
allows one to reduce the fractional difference around the LSO from 10% to
approximately 5%. It is also to be noticed the good qualitative behavior of
the flux also below the LSO, close to the light ring where the flux diverges.
By contrast, the flux obtained using the standard, nonresummed, pg,, ampli-
tudes in the form of [8, 175], though pushed to higher PN order as discussed
above, is reliable only up to z &~ 0.2. We also mention that, even though the
choice of P3(p$iP)p5, with p§; taken at 8PN order can strongly reduce the
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numerical/analytical differences displayed in Fig. 8.1, in practice this does
not have any notable consequence on the total flux. The same statement also
holds for the (6,2) mode: the near-LSO behavior of the analytical pgy can
be improved by working at 8PN, both in the spin and orbital factors (with a
PJ approximant for this latter), without however producing any important
impact on the total flux computation.

Let us finally mention in passing that another way to improve the strong-
field behavior of the pg,’s (and thus of the flux) is by including some effective
high-PN order parameter that can be informed (i.e., calibrated or even fit-
ted) to the numerical data. This approach might be necessary, for example,
when dealing with precision calculations that require an accurate represen-
tation of the radiation reaction in the near-LSO regime, e.g., estimate of the
final recoil velocity when the central black hole is quasi-extremal with the
spin aligned with the orbital angular momentum [306]. As an exploratory
investigation dealing with just pss, we found that it is sufficient to introduce
a 6.5PN (effective) parameter at the denominator of p5, and tune it to re-
duce by more than an order of magnitude the fractional difference between
the analytical and numerical functions up to the LSO. More precisely, we
have that p$, has the structural form 1/(1+4ax®? +...... +acy3/22'3/?), where
ac13/9213/% is formally the first spin-orbit term beyond what we are using in
this work. One easily checks that the value ci3/2 = 5.1 is sufficient to obtain
a fractional disagreement of the order 0.15% at the LSO for a = +0.99. This
illustrative example suggests that there is a simple, though effective, way to
incorporate the information encoded in the numerical data within the ana-
lytical description of the waveform amplitudes. More work will be needed to
put this approach in a more systematic form. In particular one may hope
that a suitable modification of this method, probably with a few more pa-
rameters, could be used to obtain an accurate, semi-analytic, representation
of the circularized fluxes also up to the light-ring.
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8.3 Comparable masses: Post-Newtonian ex-
panded results

8.3.1 Waveform amplitudes: spin-orbit and quadratic-
in-spin terms

We start by summarizing here new results for the PN-expanded, nonprecess-
ing, multipolar waveform amplitudes up to: (i) next-to-next-to-leading-order
(NNLO) for the spin-orbit terms; (ii) next-to-leading-order (NLO) for the
spin-spin terms and (iii) for the leading-order (LO) spin-cube terms. These
waveform amplitudes were computed by A. Bohé and S. Marsat [252] as part
of a project that aims at obtaining the complete waveform at this PN order
(we recall that the corresponding calculation of the PN-expanded energy flux
is complete [310, 77, 76, 75]), and kindly shared with us before publication.
Here we only list the PN-expanded multipolar waveform amplitudes with
their complete, currently known, spin dependence. For completeness, we
also include the known, v-dependent, orbital terms [169]. To start with, let
us set the notations and define our choice of spin variables. We denote with
v = mymy/M? the symmetric mass ratio, with M = m; + my and we adopt
the convention that m; > msy. From the conserved norm, dimensionful, spin
vectors (S1,S2), PN results are usually expressed in terms of the spin combi-
nations S = S;+S, and 3 = M (Sy/my — Sy /my). For spin-aligned binaries,
where £ indicates the unit vector normal to the orbital plane (i.e., the di-
rection of the orbital angular momentum), one deals with the projections of
the spin-vectors along £, i.e., Sy =S - £ and ¥, = X - £. Then, it is common
practice to work with dimensionless spin variables x12 = S12/(m12)? and in
the PN-expansions the spin vectors always appear divided by the square of
the total mass, so that one has

N S
S, = ﬁg = (X)) + (X2)%xe, (8.6)
A Y
2= Mg = Xox2 — Xix1, (8.7)

where we introduced the usual convenient notation X; = m;/M, which yields
X14+X5 =1, X1 X5 = v and, since X; > X,, we have X; = (14 /1 —4v) /2.
From the dimensionless spin variables, the waveform spin-dependence is
sometimes also written via their symmetric and antisymmetric combinations

(see e.g. [175, 177, 159, 36]), xs = (x1 + x2) /2 and xa = (x1 — Xx2) /2.
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Here, we express the waveform spin dependence using the Kerr parameters
of the two black holes divided by the total mass of the system, namely via
the variables
a; . Sz .
M Mm;
This choice is convenient for two reasons: (i) the analytical expression get
more compact as several factors /1 — 4v are absorbed in the definitions, and
one can more clearly distinguish the sequence of terms that are “even”, in
the sense that are symmetric under exchange of body 1 with body 2 and are
proportional to the “total Kerr dimensionless spin” ay = a; + as from those
that are “odd”, i.e. change sign under the exchange of body 1 with body 2 and
are proportional to the factor v/1 — 4v(a; — aq); (ii) in addition, one can infer
the (spinning) test-particle limit from the general v-dependent, expressions
just by inspecting them visually. In fact, in this limit, my < mq, a1 — 0 and
a1 becomes the dimensionless spin of the massive black hole of mass m; ~ M,
a; — S1/(my)?. Similarly, the spinning particle limit around Kerr is simply
obtained by putting v = 0, since ay just reduces to the usual spin-variable
used in PN or numerical calculations [311, 312, 313, 314], 0 = Sy/(mimy).
To keep the expressions compact, we also define the following combinations
of the a; of Eq. (8.8)

ap = Xix1 + Xoxo = a; + ao, (8.9)
d12 = C~L1 — &2, (810)

XlgEXl—XQZ \/1—4V. (811)

Equations (8.6)-(8.7) above then simply read

~ 1 R
Se = 3 (ao + @12X12), (8.12)
S = —aia. (8.13)

We report below the complete modulus of B up to NNLO in the spin-orbit
coupling and up to NLO in the spin-spin coupling. Note however that for the
m = odd multipoles we defactorized the factor X5 (that is usually seen as
part of the Newtonian prefactor h%’e)) to avoid the appearence of a fictitious
singularity when v = 1/4 in the spin-dependent terms proportional to ais
(see also [177]). To have a consistent notation, when m = odd we focus on
the quantities

R = X0l (8.14)
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In conclusion, the modulus of the Newton-normalized PN-expanded, multi-

polar, waveform we use as starting point reads:
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i 1 5 101 337 83
‘h‘(ﬁ)‘ = X2+ —{_ [612(1 —2v) - CA10X12] o'+ X <— — v+ 2) x}

8.3.2 Cubic-order spin effects

We are also going to incorporate leading-order spin-cube effects in the wave-
form amplitudes. To do so, we start from the corresponding energy fluxes,
that were recently obtained in Ref. [76]. The analytically fully known spin-
dependence of the energy flux has the following structure

32
2.5 3/2 ¢LO 2 rLO 5/2 ¢pNLO
A A I [ S

S _
=5

RO+ a7 (750 + 11Q) | 82

All terms, except the cubic ones, can be obtained by multiplying each mul-
tipolar amplitude of the previous section by its corresponding “Newtonian”
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term, taking the square and finally summing them together. The spin-cube
information we shall need in the next section is included in the fi2 term
above, though one has to remember that fi is actually given by two in-
dependent multipolar contributions, one coming from the cubic-in-spin mass
quadrupole and another from the cubic-in-spin current quadrupole. The full
term is given in Eq. (6.19) of [76], but, for the purpose of this paper, S. Marsat
kindly separated for us the two partial multipolar contributions, that read

2
2538 = —5 (dg + 3&8&12)(12) I7/2, (825)
sss L.
21 — — anafz
o . 1. . 5 o) -
+ (ﬂa% + Za1a2 + ﬂ&%) CL12X12] .I?/Z. (826)

It is easy to verify that by taking the sum f55° + f5°5 one obtains Eq. (6.19)
of [76] once specified to the black-hole case, i.e. with K, =2 = A, k_ =
0 = A_ and using Eqgs. (8.6)-(8.7) above.

8.3.3 PN-expanded energy and angular momentum along
circular orbits

To implement the factorization of the waveform amplitudes (and fluxes) in
order to extract the fy,, and py, residual amplitude corrections, one needs the
PN-expanded effective source S'(EEE) , namely the effective energy and angular
momentum of the system along circular orbits. In addition, also the total,
real, energy is needed, since it enters the tail factor. Defined as yu = mymsy/M
the reduced-mass of the system, the y-normalized PN-expanded energy along
circular orbits reads

Etot
1%

E'Y(z) = = = E(z) + E%°(z) + E¥(x), (8.27)
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and is written as the sum of an orbital term, a spin-orbit term (SO) and a
quadratic-in-spin term (SS). The 3PN-accurate orbital term reads

. 1 3 v
Eorb —1-= 1 — e -
(x) 2V:c{ (4+12>x

s T8’
675 (34445 205 155 , 35 ],
_ Bt D R B 2
+[ 64+( 576 967T>V 96 = 5184”]x ’ (8:28)

while the spin-orbit term is
- 1
ESO<1’) = _6(7d0 + C~L12X12)V(L’5/2
1 1
+ 4_1 |:—(11&0 + 5&12X12)V + 5(61&0 + C~L12X12)V2:| ZE7/2
1 . -
+ 1_6 |: - (135&0 + 81&12X12)V
o ~ 2 1 ~ ~ 31,..9/2
+ (367&0 + 55&12X12)I/ + g(—29a0 + CL12X12)I/ T, (829)
and finally the quadratic-in-spin contribution
A 1
ESS(z) = 5&3m3
1
+ %{ {10(&3 + @yay) + 55(at — &3))(12} v
o 2. 5\ ol 4
—35(aj — G102 +a; | vt (8.30)

The Newton-normalized angular momentum incorporating up to NLO spin-
orbit terms reads

o 1 v 5 5

]t t([L’) = 1 + 5 (3 + g) xr — E(?ao —|— CL12X12)ZL‘3/2
1 2

+ [g( 7—19u+%) +d8]x2

1 1
+ T6 {—(77% + 35012 X12) + 5(427510 + Ta1X1o)v | 2°/2 (8.31)
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Finally, the PN-expanded effective energy along circular orbits is obtained by
PN-expanding the usual relation between the real and effective, u-normalized,
energy along circular orbits [28],

. E, 1
B = #ﬁ'“ =T, [1 + 5(137,?0t — 1)} : (8.32)

8.4 Factorized waveform amplitudes

8.4.1 Factorizing the source and tail factor: the resid-
ual amplitudes

Now that all the necessary analytical elements are introduced, we can finally
compute the residual amplitude corrections when v # 0 by factorizing tail
and source from Egs. (8.15)-(8.23), (8.25) and (8.26). Focusing first on the
even-m case, the PN-expanded py,,’s functions are obtained as

. 1/¢
pem (x50, a1, 02) = T, (M) : (8.33)
RS
where Sﬁf) (2) is either Eug when ¢ + m is even, or j*° when ¢+ m is odd,
while |iALtaﬂ| is the modulus of the tail factor introduced in Eq. (4.39) whose
explicit expression is given in Eq. (8.37) below. The Taylor expansion 75,[. . .|
is truncated at the same n-PN order of the |h1(z:;)1| The functions pg, have
the form 1+ c¢f™z + ... and, like in the test-particle case, are given as the
sum of orbital and spin terms as

Pem (T3, a1, ) = PO (z;v) 4 pP (23 v, @, Gs) (8.34)
For the odd-m case, the same factorization yields the function
(5mfgm = Xlgf;;lb + .]Egsm, (835)

that is obtained as the following Taylor expansion

it ]
om fom =T, [— — = (8.36)
it S5
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where, for consistency with notation used in Ref. [9], we also used dm = Xys.
Finally, to perform this calculation, we also need the Taylor expansion of the

modulus of the tail factor, that is given by [159]

) A B0ty 3/2 Hi:1 (52 + 2Etotmx3/2)2

]thail
| m (ZE)| (fl)Q (1 N 6—47TmE“°t)

(8.37)

When factorizing out that tail and effective source factors from the waveform
amplitudes of Eqgs. (8.15)-(8.23), as well as from the spin-cube flux terms,
Egs. (8.25) and (8.26), one finally finds the following spin-dependent terms:
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I :;(& — G193 X19) 21/
1 1433 797 1793 607
— 553y — ——12 ) g — | ———— + 42T + —1% ) @19 X1y | 2%/
+162(1—3V)QK 0 VTS ”)ao ( 0 TRVt ”)a” 12}93 ’
(8.40)
R S [o(1 — 3v) + a12X12(19 — 39v)]a3/2 (8.41)
I LY [G0(19 — 5Tv) — a1pX1o(—1 + 21v)]2/? (8.42)
T30\ -1+30v) ’ '
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and similarly

N 3 110 79
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(8.43]
~ - 9 13 1, . 3
f381 = | Q12 (_Z + ?V) + Z(loX12:| 2%/ + |:—4(6L2 — CL2) + 2a3X12:|
. 41 137 5) 65 443
+ |ais (g — TV — 51/ ) + a0X12 ( 72 + %V):| 1‘5/2, (844)
~ . 1 5 7. 3.
fis = |dna (_Z + 51/) — Za0X12:| 3/ + §GSX12!E2
- 233 29 241 . 313 83
+ |:(112 <_§O + 1_51/ + %I/2) + aOX (ﬁ — @ ):|l'5/2, (845)
s g5 0 1 ~ . 1/2
fo=Ji3= A\ 1520 [a12(1 — 2v) — agXo]a /" (8.46)

After applying the proper change of variables, one easily checks that the
NLO contributions we computed here do coincide with Eqs. (85)-(95) of
Ref. [159]. Similarly, the NNLO spin-orbit contribution to pas, that was also
computed in Ref. [9] is checked with the same term computed in Ref. [36].

8.4.2 Factorization of the orbital part

Likewise the test-particle case above, we now apply the prescription of Ref. 9]
of factorizing the orbital parts of pi and f; . After this operation, the
factorized residual amplitudes are written as

Pim = PP m=cven (8.47)

OM fom = (P?ﬁ?) fim m = odd (8.48)
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where, as in Ref. [9], the m = odd spin factors are written as the sum of two
separate terms

fi = X~ Sane R (5.49)
fis = X12fs S(O) ( i V) a12$3/2f§3<1 , (8.50)
f31 = Xiafs S(O) ( % —V) d102>/? Agslm, (8.51)
f43 = X12f4( ) — Z z'/? 43(1), (8.52)
5 = X fol Z 2. (8.53)

As shown in Ref. [9], we recall that the need of separating the fg,’s function
into two separate terms, one proportional to X and another to ;o times x is

necessary to identify the two functions fgs © and fz > that can be separately

resummed using their inverse Taylor representation. The fzn(f "M functions
read

2 =1 ga 2%/

+ g (ag + §a1a2> a2

o <_ 174075065 " 172075463 ”) =/ (8.54)
AQSfl) —1— (% + %u) T+ gdoxs/z

N (231317698 B 140650894” + %”2 + %3) 7%, (8.55)
A?,Sl(o) =1+ }l&ox3/2 + ;d%;ﬁ + Gg <_% + %y) 22, (8.56)
il =1 26V16— gtoz'’”

1 95 22
+ <1 - —v+ —1/2) x, (8.57)
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A 7 3
f?)S?fo) =1- Zd0x3/2 + 5&31’2

Etat Wi 8.58
+ Qo ( 60 + 60 I/) X ) ( )
S0 1 [ —169 + 671y + 18212
— 14 = 8.59

33 + 5 ( 100 — 1 L, ( )
S s ) 1 .

0 =S =17 (W> o .
S, S

S0 o (8.61)

Equations (8.49), (8.54) correspond to Egs. (9)-(10) of [9], while Eq. (8.55)
presents an additional term, a2/2, that is the leading-order spin-cube that
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was omitted in [9]. Finally the m = even spin factors read
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(8.62)

(8.63)

(8.64)
(8.65)

Note that our Eq. (8.62) above corrects an error in the published a;a2 NLO

term of Eq. (8) of Ref. [9].

8.5 Resummation

We now proceed by resumming the orbital and spin factors according to the
prescriptions of Ref. [9], basically extending to higher modes the treatment
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of the £ = 2 modes discussed there. However, we want to have at least the or-
bital multipolar factors, p9P, consistent with the test-particle ones discussed
above, in order to take advantage of the high-order PN-information avail-
able and of the robustness of its analytical representation in Padé resummed
form. To do so, we follow the, now standard, practice, originally suggested in
Ref. [8], of hybridizing the low-PN-order v-dependent information available
with the high-PN-order test-mass (v = 0) one. At the time of Ref. [8], the
test-particle orbital fluxes were analytically known up to 5.5PN order, which
implied that the, nonresummed, pg,’s functions where available as polynomi-
als of different order, that is p9° = 1+ +....+ 25 p3* = 1+z+....+ 2% etc.,
consistent with the global 5.5PN accuracy of the total flux. This prompted,
at the time, the construction of what was called the 372 PN approximation,
where the 3PN results were hybridized with two more test-particle PN or-
ders. As we saw above, the availability of PN results of high order [315]
allows us to keep more PN terms in each p9™’s, notably up to 6PN relative
accuracy for each (¢,m) as a good compromise between simplicity and accu-
racy. Since we are working with relative PN truncations, we give here the 3+3
PN approximation for the pg,(z;v) a different meaning with respect to [8].
More precisely, working at 373PN order here means that each pgt®(z;v) car-
ries the complete test-mass information up to 2%, but whenever possible, the
lower PN terms are augmented by the corresponding v-dependent informa-
tion compatible with the v-dependent 3PN accuracy. For example, p9°(x;v)

formally reads

PSP (x;v) = 1+ 1 (v)x + co(v)2® + es(v;log(z))z?
+ cj(log(x))z" + c5(log(z))a
+ (log(z), log?(x))a", (8.66)

where (c,c2,cd) are test-particle, v-independent, coefficients with the cor-

responding dependence on log(z). The function pSiP(z;v) shares the same
analytical structure, though the r-dependence of c3 is currently unknown,
since it is a (global) 4PN effect. For higher modes, the v dependence is
progressively reduced, up to only ¢;(v) for the £ = 8 modes [8]. Choosing
the above defined 33 PN approximation also means that we adopt the same
Padé resummation, multipole by multipole, detailed in Table 8.1. In this way
we implement, by construction, the consistency with the v = 0 limit. This
choice opens the question of what would be the magnitude of the systematic

error done by neglecting such, yet-uncalculated, v-dependent terms. Refer-



240

ence [8] analyzed the v-dependence of a few multipoles and concluded that,
working with Taylor-expanded p2'®, the v-dependence is mild and that the
effect of the missing terms is small enough to be considered of no importance.
We shall repeat and update that reasoning to our current choices in the next
section, though we anticipate the same conclusion of [8] remains essentially

true here for all examined modes.

We turn now to discussing the resummation of the spinning factors, p} .
and fgsm We do so by applying the resummation recipe of Ref. [9], that is:
(i) for even-m, we simply resum p3 = taking its inverse Taylor representation,
Py (x; v), as in Eq. (8.5); (ii) for odd-m, we need to resum separately the
two factors fzsrff " and fgséj ’. The analytical representation of the two factors
we choose depend on the multipole. More precisely: the factor AQSfO) is al-
ways resummed taking its inverse Taylor representation. The same choice
is also adopted to resum f;fll) for ¢ = 2, but for ¢ > 3, m = odd case, the

ffsrf@l ' are kept in Taylor-expanded form because of the presence of spurious
poles when taking the inverse. The quality of the resummation is assessed
in Figs. 8.3 and 8.4 for a few illustrative binary configurations. Since one
does not have at hand the analogous of the test-mass numerical data for cir-
cularized, comparable-mass, binaries to compare with, our aim here is only
limited to prove the internal consistency of the resummed analytical expres-
sions once taken at different PN orders. To do so, by keeping the orbital
part unchanged, we contrast the functions obtained using the full NNLO
information with the ones truncated at NLO accuracy. The same figures
also display the standard representation of the pg,,’s, where no additional
factorization or resummation is adopted [175]. The plot illustrates how the
spread between the NLO and NNLO truncations in PN-expanded form is
systematically much larger than the corresponding one obtained with the
factorized and resummed functions. Interestingly, this conclusion remains
true for any configuration analyzed. This makes us conclude that factoriz-
ing and resumming as discussed here is helpful also in the comparable-mass
case, although a precise quantification of the improvement brought by this
procedure should be assessed through a comprehensive comparison between
an EOB model built from iResum waveforms and NR data, in a way anal-
ogous, though more detailed, to what briefly analyzed in [9]. However, to
better grasp the meaning of this result, it is useful to remind the reader that
the merger of a binary black-hole coalescence (defined as the peak of the
¢ = m = 2 waveform amplitude) will occur at z &~ 0.3, with 7 = (wy/2)?/?
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and wyy the quadrupolar GW frequency®. As Figs. 8.3 and 8.4 illustrate,
the improvement in the consistency between PN truncations brought by the
resummation is evident precisely in a neighborhood of 0.3. Just to pick some
random examples, this is the case for (1,40.99,40.99) and (8,40.50,0), con-
figurations where the frequency parameter at merger is z ~ 0.38 and  ~ 0.32
respectively [192].

8.5.1 Mild dependence of p9" to uncalculated v-dependent
orbital terms

As mentioned above, the idea of hybridizing test-mass orbital information
with the v # 0 one in the waveform amplitudes dates back to Ref. [8].
The rationale behind that choice was to show that the dependence on v of
the coefficients in the p"rb is mild when 0 < v < 1/4, so that one does not
introduce a large systematical error in neglecting it. To get to this conclusion,
one was comparing the fractional variation of the coefficients when v is varied
between 0 and 1/4 (see Sec. IVA in [8]). Here we follow the same approach
and compute the fractional variation in v for all multipoles up to ¢ = 6.
The 3PN-accurate v-dependent terms in p$® and p$ that were obtained
only in Ref. [278] are also included. The log(z) terms are evaluated, for
simplicity, at 2795 = 1/6. The numbers listed in Table 8.2 suggest that,
up to ¢ = 3, the next missing v-dependent term might be, on average, of
the order of 20% larger (or smaller) then the test-mass (v = 0) one (note
however the larger variations of the 2PN coefficient in p3iP and p$. One
can then investigate the impact on p9™> of missing v-dependent corrections
by varying the v = 0 term by +30%. Clearly, the operation has to be done
on the P7(po?) function. To be concrete on one case, let us analyze the
effect on p3i°, whose known v-dependence stops at 2PN. Schematically, the
Taylor-expanded function reads

Pgib -1 +( 1PN 4 ClPN)m +( 2PN T CQPN)

1 [ SPN(1 4 a)} 2% 4+ APNgA | (BPNg5 | (0PN 6 (8.67)

and then one takes its P} Padé approximant. Here, ci"N indicate the v = 0

coefficients, while ¢"N the corresponding v-dependent terms. The effect of

6Let us recall that in the test-particle limit this frequency approximately corresponds
to the crossing of the Schwarzschild light ring [316, 167]
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the missing v-dependent information is parametrized through «. One finds
that, even putting @ = £0.20 with » = 1/4, the fractional variation in
P} (piP) is of the order of 0.04% at the Schwarzschild LSO 23y = 1/6, of
the order of 0.9% at x = 1/3 and of the order of 6% at = = 1/2. This value
is close to the LSO location of a Kerr black hole with a = 4+0.99 and we use
here just for illustrative purposes, since a comparable mass binary, with a
nonnegligible value of v, is not expected to reach such a high frequency at
merger. Since the waveform amplitude is just (p;)?, the fractional differences
above get a factor two in front, which suggests that, within the current
framework, one is expecting the 3PN correction to p$® to yield an amplitude
correction around merger of just a few percents. Once the calculation of
the waveform will be completed at 4PN accuracy [270, 74, 317, 318, 319],
it will be interesting to concretely probe the reasonable assumptions we are
adopting here. In addition, inspection of the behavior of higher modes, like
PSP, shows that a variation of the order 20% with respect to the v = 0
values has an unnaturally large effect on the global behavior of the function
in the strong-field regime (0.3 < x < 0.5), with variations of order 8% at
x =1/3 and ~ 30% at x = 1/2. Though we cannot make strong statements,
we are prone to think that the uncalculated v-dependent terms will provide,
on average, a correction of the order of 10% to the current orbital terms,

consistently with the v-variation of the 3PN coefficients in p3i> and p%P, as

in Table 8.2.

8.5.2 Hybridizing test-mass results: the spin informa-
tion

Now that we have justified our approach of hybridizing v = 0 and v # 0
information in the p9™ functions, one wonders whether an analogous proce-
dure exists for the p? (and in turn for the factorized p} ). This would allow
to have EOB waveforms fully consistent and complete all over the parameter
space of nonprecessing BBHs’. Such hybridization is rather straightforward
to do by taking advantage of the structure of the pj  and f5 functions and
understanding how the spinning test-particle limit builds up. This is espe-
cially evident using the a; variables, that make the limit look apparent. To

explain the approach, let us first focus on the spin-orbit terms entering the

"Note this is not the case for current EOB waveform models, where the high-order
test-mass analytical information is not incorporated [36, 35, 37]
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pem functions. One sees that, at a given n-PN order of the orbital part, the
corresponding spin-orbit term reads like

(CALQ(CO +cv—+-+ Cn,IVnil)

+ 5112X12(d0 + dll/ + -t dnll/nl)) $(2n+1)/2, (868)

as it is clear from Eq. (8.38) that corresponds to 3PN orbital dynamics. Note
that within our writing, the LO spin-orbit coefficients are v-independent, the
NLO are linear in v, while the NNLO are quadratic in v. A similar, though
slightly more complicated, structure is found for the quadratic-in-spin terms,
that, e.g. for p,, are given as the sum of terms proportional to a3, @,as and
Gpa12X12. As for the SO case above, at LO there is no v dependence, while
it is similarly linear-in-v at NLO. The v independent terms in Eq. (8.38)
are those that, combined together when v — 0, generate the (spinning)
test particle results, see e.g. Refs. [311, 298]. Having understood this, one
can implement the inverse process, namely incorporate the p? ’s (and fJ )
obtained from the perturbative calculations of the fluxes of a spinning particle
around a Kerr black hole by imposing the structure given by Eq. (8.68). This
means, in particular, replacing the dimensionless Kerr spin as a — a; and
the particle spin as ¢ — as. In other words, on the v-dependent side, the
next-to-next-to-next-to-leading-order (NNNLO) spin-orbit term will have the
form

SOINNLO NNNLO » ~ NNNLO\ ,.9/2
Coo = (CO ag + X12a12d0 ) T / s (869)
where (fNEO diNNLO) are the unknown v-independent, coefficients. On

the v = 0 side, the corresponding spin-orbit terms reads
4.5PN
c§§° = (c§‘5PN€L + c§'5PNU) 292, (8.70)
By equating the v = 0 limit of Eq. (8.70) to this equation, one finds

Sol;INNLO C§'5PN + clol—f)PN .

ASPN _ A5PN
+ Xi2a12— 5 = 292, (8.71)
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4.5PN

where ¢z is analytically known [298] and reads

jaspn _ 8494939 2536
‘ 467775 315

eulerlog, (), (8.72)

while the spinning-particle term, ¢*°"N is currently unknown. The same

procedure can be applied to incorporate spinning-particle spin-orbit terms
at higher-PN order and can be extended to the other multipoles, with the
obvious difference that for m-odd multipoles the hybridization procedure
applies to the f§ functions. The hybridization of the spinning-particle,
spin-square terms into p, is done in a similar way. A similar calculation for
the NNLO ( relative 4PN-accuracy) spin-square term yields

1
ngymo ~ |9 (caz + Co2) &3 + (Cao — Caz — Co2) Q10
1 A = 4
+ 5 (C&Q — CO.Q) a0a12X12 T, (873)

where (c,2, a0, Co2) are the coefficients entering the spin-square spinning-
particle term at 4PN, that will have the structure

50 = (cazd® + caro + c20”) z, (8.74)

where only ¢;2 is currently analytically known and reads [298]

18353

Ca2 = 51768 (8.75)
This approach gives us a consistent way of hybridizing the test-mass re-
sult above with the low-PN v-dependent information. Even if the spinning-
particle terms are not currently published starting from 4PN order, it could
be instructive to investigate the robustness of the results of Fig. 8.3 under the
incorporation of the nonspinning test-particle terms. To do so, we replicate
the procedure done above to incorporate the 4PN and 4.5PN test-particle
terms for the spin-square 5PN and 6PN terms as well as for the 5.5PN spin-
orbit term, that will have the same relation given in Eqs. (8.69)-(8.73) with
the test-particle coefficients. After this is done, we factorize and resum the
hybrid pys as before. Such, test-particle-improved, g5, is consistent with the
v = 0 function discussed in Sec. 8.2 except for the obvious absence of the
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spin-cube terms coming beyond the NLO as well as of the terms involving
higher powers of the spins up to the sixth-power, that enters at LO in the
6PN term. The effect of the additional v = 0 terms is illustrated in Fig. 8.5
for (1,+0.99,40.99) and (8,40.50,0), where the hybridized function is con-
trasted with the NNLO one of Fig. 8.3. The figure shows that the effect
is quantitatively important for the case (8,40.50,0), notably towards the
merger frequency r = 0.32.

8.6 Multipolar fluxes

In this Section we explicitly report, for completeness, the PN-expanded,
complete, Newton-normalized multipoles of the energy flux up to NNLO
in the spin-orbit coupling, NLO in the spin-spin coupling and LO in the
spin-cube couplings. Though these expressions are obtained as the square of
the Newton-normalized waveform multipoles of Egs. (8.15)-(8.23), it is con-
venient to have them written down explicitly. Each multipolar contribution
to the flux is written as the product of the Newtonian prefactor F}), and the
PN correction F@m as

Fom = FNOEY)

Im tm>

(8.76)

where the PN correction factors explicitly read
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The Newtonian prefactor can be written in closed form as
W _ L 3 a0 ere ||
F, % = T m (=) |Rhy,, ) (8.86)

where the Newtonian waveform multipole héﬁ’e) is given by Eq. (4.35).
The explicit evaluation of Eq. (8.86) for the multipoles of interest here

)<}
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gives

FO = %y%ﬁ : (8.87)
FEND — %(1 — 4)Pab (8.88)
FO = %3(1 — 4)d (8.89)
FY = %(1 — 3227 (8.90)
FINO — (1;2—3"2:1;6 , (8.91)

(NO0) %(1 — 3227 (8.92)

(D) — %(1 — ) (1 — 2w)2%a® (8.93)
Fip™ = 32(1;9—55)2”23:7 , (8.94)

PN _ (1 —4v)(1— 21/)21/2 3
an 44100 '

(8.95)
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Figure 8.1: Comparison between the factorized and resummed analyti-
cal pgy,’s (colored online) and the corresponding numerical (exact) func-
tions (black online) up to ¢ = 6 for values of the BH dimensionless spin
a = (—0.99,—-0.5,0,40.5,40.99) (red, orange, green, cyan, blue and purple
respectively). The filled circles mark the LSO location. This plot is obtained
using relative 6PN information for all modes except for: pss that use to 5PN
relative accuracy in p$; pes and pg; that use 5PN relative accuracy for pgg
and p3,. The Padé approximants used on pgI® are listed in second column of
Table 8.1. The same table also lists the numerical /analytical relative differ-
ence at the LSO. The agreement remains good (except for few exceptions,

see text for details) also for a = +0.99.
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Figure 8.2: Test-particle limit: comparison between analytical and numer-
ical “exact” (see text) fluxes for dimensionless black-hole spin & = 40.99.
The functions p3y>, p$ and p2P are either resummed using (4,2) Padé ap-
proximants (orange, dot-dashed line) or kept in PN-expanded form up to
(relative) 6PN order. This second choice improves the agreement with the
numerical curve. The dotted line represents the analytical flux where the
total 6PN-accurate py,,’s are kept in the standard, nonfactorized, Taylor-

expanded form.
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Table 8.1: Fractional differences between the resummed and the numerical
Pem’s at the LSO. From left to right the columns report: the multipolar order;
the Padé approximant chosen for the orbital factor, where the notation P}
indicates the approximant of order (n,d); the PN order chosen for the spin-

dependent factors; the fractional difference (p™™ — p2) /pnum at gy g0

(£,m) P;(p%f) iR(PN) A(x)p(z)/plo=wso for —0.99 < a < 40.99

—0.99 —0.5 0 +0.5 +0.7 +0.99
(2,2) Py 6 —1x107% —-3x107% —6x10"%  —0.002 —0.004 0.026
(2,1) Py 6 —0.006 —0.004 2x107° 0.010 0.019 0.159
(3,3) Py 6 —4x107° —1x107% —4x107*  —0.002 —0.005 —0.058
(3,3) Py 6 -2x 107 —-6x107° —2x107*  —0.001 —0.002 —0.023
(3,2) P 6 —0.004 —0.003  —5x107° 0.006 0.012 —0.026
(3,1) P 6 -3x107° —6x107° —1x107* -3x107* —8x107°  0.248
(3,1) P} 8 —2x107% —-4x107® —-1x10"*%* —-8x10"*  —-0.002  —0.0017
(4,4) Py 6 —2x107% —-8x107°> —-3x107%*  —0.002 —0.005 —0.088
(4,4) P§ 6 —4x107% -3x107® -2x10"*  —0.001 —0.002 —0.046
(4,3) Py 6 —0.003 —-0.002  —1x10~* 0.004 0.008 0.004
(4,2) P§ 6 —-1x10™° -2x107° —-5x107° 6x10~* 0.003 0.015
(4,1) Py 6 —0.003 —0.002 8 x 1076 0.005 0.008 —0.013
(5,5) Py 6 —2x107% —-7x107° —-3x107%  —0.002 —0.037 —0.101
(5,5) PS 6 2x107%  —2x107° —1x107*  —0.001 —0.034 —0.054
(5,4) Py 6 —0.003 —-0.002  —2x107* 0.003 0.005 —0.013
(5,3) P 6 —2x107° —6x107° —2x10* —6x107* —7x107* —0.043
(5,2) Py 6 —0.002 —0.002 8 x 1076 0.004 0.009 0.077
(5,1) P§ 6 1x107®  1x10° 3x10® 1x107* 5x107* 0.101
(6,6) Py 5 —4x107° —1x107* —-3x107* —5x107° 0.002 0.064
(6,5) Py 6 —0.002 —-0.001  —2x107* 0.002 0.003 —0.029
(6,4) Py 6 -2x107° —-6x107° —-2x107* -8x10"*  —0.001 —0.035
(6,3) Py 6 —0.002 —0.001  —1x107° 0.003 0.007 0.053
(6,2) Py 6 —4x107% —2x107% —-5x107° 2x107° 0.001 0.213
(6,2) P 8 —6x1077 —-8x1077 —-7x1077 8x107° 9x10~* 0.015
(6,1) PS 5 —0.002 —0.001 7x1076 0.003 0.003 0.028
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Figure 8.3: Nonresummed (black) and resummed (colored) waveform am-
plitudes paoo (top panels) and fo; (bottom panels) for a few configurations.
The 3PN-accurate orbital factors are hybridized with test-particle informa-
tion up to relative 6PN order for each mode and then resummed with the
Padé approximants of Table 8.1. The consistency between NNLO and NLO
truncations of the spin dependence is dramatically improved when the fac-
torization and resummation procedure is applied.
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Figure 8.4: Nonresummed (black) and resummed (colored) residual wave-
form amplitudes for £ = 3 multipoles. The 3PN-accurate orbital factors are
hybridized with test-particle information up to relative 6PN order for each
mode, except for the (3,1) mode that is taken at relative 5PN order, and
then resummed with the Padé approximants of Table 8.1. Likewise the ¢ = 2
case of Fig. 8.3, the consistency between NLO and NNLO truncations of the
spin dependence is improved by the resummation.
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orb orb

Table 8.2: Analysis of the fractional variation Acﬁ%(z/) = et (V) /cntm (0)—1

orb
of the coefficients ch™ (v).

(6,m)  ALE(1/) A (1/4) A (1/4,108(1/6))
(2, 2) -0.159884 0.185947 -0.100421
(2, 1) -0.649718 0.224005

(3, 1) 0.0769231 -18.7351 -0.28487
(3,2)  -0.155488  -0.633264
(3, 3) -0.142857 0.260344 -0.0970255
(4,1)  -0.0905316

(4, 2) -0.0181065 1.05237

(4,3)  -0.141892

(4,4)  -0.230328 0.46265

(5,1)  0.219436

(5,2)  -0.117576

(5,3)  -0.0746667

(5,4)  -0.176295

(5,5)  -0.201232

(6,1)  -0.0910973

(6,2)  -0.0168919

(6,3)  -0.118343

(6,4) -0.119186

(6,5)  -0.165766

(6,6)  -0.238208



257

1
sk (1,+0.99,+0.99) ] (8,+0.50,+0.0)
09

09F

085} 1 08
\
081 1 A N
o
§ gorp \\
075} ] \\
N
N
07f ] 061 SO
N —~
N —
S —]
065 4 N
\\\\ - - - 05t . b h ~
06 —— Resummed, NNLO ~—=_ ——Resummed, NNLO N
— — Resummed, 6PN, hybridized — — Resummed, 6PN, hybridized
055 . . . . . . . . . 04 . . . . . . . . .
0 0.05 0.1 015 0.2 025 03 0.35 04 0.45 05 0 0.05 0.1 0.15 02 0.25 03 0.35 0.4 0.45 0.E

Figure 8.5: Modification of the results of Fig. 8.3 when (nonspinning) test-
particle terms up to 6PN are hybridized with the NNLO v-dependent wave-
form (see Eqs. (8.71)-(8.73) and text). When v = 0, one is using here the
same spin-orbit and spin-square analytical information used in Fig. (8.1).
The frequency parameter approximately corresponding to the BBH merger
is z ~ 0.38 for (1,+0.99,+0.99) and = ~ 0.32 for (8,+0.50,0). In this lat-
ter case, the effect of the additional test-particle terms is important towards
merger.



258



Chapter 9

Factorization and resummation:
A new paradigm to improve
gravitational wave amplitudes.
III: the spinning test-body
terms [5]

9.1 Introduction

Test-mass results have been crucial to devise robust resummation techniques
for the truncated post-Newtonian expansion that give access to analyti-
cal gravitational waveform and fluxes for circularized, nonprecessing, bina-
ries [139, 8, 175, 9, 4]. Such resummed waveform, and related fluxes, are one
of the crucial building blocks of effective-one-body (EOB) waveform models
for coalescing relativistic binaries [2, 6, 1, 296, 320, 36]. Up to now, resum-
mation of PN-expanded analytical result is the only approach that can be
adopted to improve the behavior of the PN-expansions in the strong-field,
fast velocity regime up to merger [143]. From the very beginning of this
endeavor [139] the development (and testing) of resummation techniques has
been driven by comparisons between some analytically resummed waveform
and numerical waveforms (or fluxes) generated by a nonspinning particle in-
spiralling and plunging into a Schwarzschild or a Kerr black hole [167, 61]. By
contrast, none of the resummation approaches routinely used in state-of-the-
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art EOB models [1, 36] has been tested in the special case where the particle
(which models a test black-hole) is spinning. This was not done up to now
for at least two reasons: (i) on the one hand, robust and accurate numerical
computations of the energy fluxes from a spinning particle on circular orbits
around a Kerr black became available only recently [314, 313, 312]; (ii) on the
other hand, the analytical PN knowledge of the fluxes of a spinning particle
around a Kerr black hole was only known at global 2.5PN order [311] and
only recently pushed to 3.5PN accuracy [296]. This paper builds on previous
works and improves them along two directions: (i) the numerical fluxes of
Refs. [312, 313] are recomputed, in the time-domain, at an improved accuracy
and increasing the number of multipoles. In addition, they are compared with
an analogous calculation performed with a completely independent numeri-
cal code in the frequency domain, finding excellent consistency between the
two methods once the results are linearized in the particle spin; (ii) though
we here only consider the case of a spinning particle around a Schwarzschild
black hole, the 2.5PN accurate results of Ref. [311] are pushed to much higher
PN order, namely relative 5.5PN accuracy for all multipoles of the flux up
to £ = 7. The availability of such new PN information, at high order, al-
lows us to extensively test the standard waveform resummation techniques
of Refs. [139, 8, 175] in a corner of the binary parameter space that had not
been covered before. Similarly, we use these new numerical data to check
new resummation approaches proposed recently in Refs. [9, 4] and that are
going to be partly incorporated in the next generation of EOB waveform
models [321].

9.2 Energy fluxes emitted by a spinning par-
ticle around a Schwarzschild black hole

In this section we consider the energy flux radiated in gravitational waves by
a spinning particle on a circular orbit of radius ry around a Schwarzschild
black hole. We will restrict our attention to the case where the particle’s
spin axis is aligned with the orbital angular momentum. We compute the
radiated flux both analytically, via high-order post-Newtonian calculations,
and numerically, using two independent approaches.
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9.2.1 Post-Newtonian results
Dynamics of a spinning particle

The equations of motion of a spinning test body moving on a curved space-
time background (Schwarzschild) are given by the Mathisson-Papapetrou-
Dixon equations (MPD) [322, 323, 324]

Dp+ 1
% - 5 Ruuaﬁ u” S0 ) (91)
DS

where p# is the four-momentum, u* is the four-velocity (7 is the proper time),
R*,qp is the Riemann tensor of the spacetime and S8 is the spin-tensor.
From the spin tensor we can define the spin magnitude, s = (%SWSW)I/ 2
from which we define the spin variable

o= MiM : (9.3)

As in previous work [314, 313, 312, we consider —1 < o < 1. We will
comment in Appendix 9.4 on the meaning of these limits and on the inter-
pretation of the test-mass results presented here as part of the general case
where the masses of the two bodies are comparable. The MPD equations do
not form a closed systems of evolution equations and a closure, called spin
supplementary condition (SSC), is required. The choice of a SSC amounts
to choosing a centre of mass for the spinning body [325]. For astrophysically
relevant values of the spin, there are strong indications that any physically
meaningful quantity will not depend upon the SSC choice [313, 314]. In this
paper we choose the Tulczyjew-Dixon condition S*p, = 0 [326].

Throughout this section, we will work to linear order in o for which we
have p® = pu® + O(c?). The orbital frequency is then given by [311]

Q = u?/? (1 - ;au3/2> (9.4)

where u = M /ry and 1 is the radius of a circular orbit expressed in Schwarzschild
coordinates.
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Calculation of the energy fluxes

In the Teukolsky approach, the problem of computing the energy and an-
gular momentum fluxes at infinity from perturbations to either a Kerr or
Schwarzschild black hole has been well laid out in the literature, and it is
briefly overviewed in Sec. 2.5.2 of Chapter 2. We now briefly describe the
calculation of the Fy,, functions appearing in Eq. (2.160) as a PN expansion,
i.e an expansion for large orbital radius and small frequency. This calcula-
tion was first presented for a spinning particle on a circular orbit by Tanaka
et al. [311], though truncated at 2.5PN order. We will extend their calcu-
lation to a higher order in the expansion. To evaluate Eq. (2.159) we first
need PN expansions for the homogeneous radial functions thm. The well
established method for systematically computing these uses the solutions of
Mano, Suzuki and Takasugi (MST) [308, 327]. The MST solutions to the
homogeneous radial Teukolsky equation are given as infinite series of either
hypergeometric 5 F; functions or irregular confluent hypergeometric U func-
tions. In the PN limit, restricting the frequencies to the allowed harmonics of
the orbital frequency, these infinite series truncate at finite orders and, with
modern algebraic software, are methodically Taylor expanded to a desired
PN order. For in depth discussion of our calculations see [328]. With these
in hand the evaluation of Eq. (2.159) is straightforwardly accomplished by
also Taylor expanding the B;’s, thus giving PN expansions for the energy
flux modes. At each order in the PN expansion we also work to linear order
in the spin o. In practice, we found it easy to consider modes up to £ = 7
and obtain each multipolar flux at 5.5PN accuracy beyond the leading-order
contribution. More precisely, each PN-expanded multipolar contribution is
factorized as

Fom = FN9Ey (9.5)

where F, z(ﬁ ) is the Newtonian (or leading-order) prefactor, while Fy is the
PN correction. Here, ¢ = 0,1 depending on the parity of ¢ + m. For each
(¢,m), Fyp is given by a 5.5PN-accurate polynomial, i.e. it has the structure
T+az+2%? 422+ 252 4 4 2M/2 where v = (GMQ/c)?/? = O(c?) is the
PN-ordering frequency parameter. The defining formula for the F, 2(7]: g is
given by Eq. (8.86); the Newton-normalized PN-expanded multipolar fluxes,
FEpn, in Sec. 9.5.1.
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9.2.2 Numerical results

For computing numerically the radiated fluxes we employ two codes that solve
the Teukolsky equation. One is a 2+1 time-domain code of Ref. [312, 313]
and the other a frequency domain code [329]. The details of each of these
codes are presented elsewhere and so here we will only give a brief overview
of each code and show that their results are consistent with one another.

Frequency domain approach

The method employed by the frequency domain (FD) numerical code follows
closely the description of the PN calculation given in Sec. 9.2.1 with the ex-
ception that the homogeneous solutions are computed numerically. This is
done using the semi-analytic MST method (see [62] for a review and [330, 331]
for extensions we use). A similar version of the code to compute the homo-
geneous solutions is publicly available as part of the Black Hole Perturbation
Toolkit (bhptoolkit.org). With the homogeneous solutions in hand the
inhomogeneous solutions are computed by convolving them with the Teukol-
sky source. From the inhomogeneous solutions we can compute the radiated
fluxes per mode from the complex asymptotic amplitudes, Cgfﬂ, of the radial
Teukolsky solutions via Eq. (2.160).

Both in the source and in the orbital dynamics we linearize with respect to
0. Our resulting fluxes though are not linear in o. This is because the radial
Teukolsky equation contains a term proportional to the square of the mode
frequency, w = mf). In principle it would be possible to solve this equation to
linear order in ¢ but we have not attempted to do so in this work. Instead,
at a range of fixed orbital frequencies, we numerically compute the fluxes
for various values of ¢ and fit this data using a polynomial and extract the
linear in o piece. It is important to make this step as the quadratic and
higher contributions to the raw frequency-domain flux data are not complete
as we are not including, e.g., higher order corrections to the orbital dynamics.

The code is written in C++ and internally (particularly for the MST part
of the calculation) it uses extended precision. We have high confidence in the
results for three reasons: i) when o = 0 we recover known flux results non-
spinning bodies to ~14 significant digits ii) for o # 0 and after extracting
the linear in o contribution we see good agreement with the PN results —
see Fig. 9.1 — and iii) we have reconstructed the metric perturbation at the
particle using the standard CCK procedure [332, 333, 334] and from this we
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Figure 9.1: Consistency test between FD calculation and PN-expanded
fluxes. Comparison of the linear-in-sigma contribution of the ¢ = m = 2
(Newtonian normalized) flux to infinity between the numerical frequency
domain results and the PN series. Here the markers show the difference
AFg(n) = |FEP? — FEN7(n)| where FEN?(n) is the O(o) piece of the PN
series truncated at 2. The full PN series is given by Eq. (9.40) and suc-
cessively higher order truncations of this are shown by the colored curves.
The O(0) piece of the numerical results is extracted from the numerical data
using the method described in the main text. At large radii we observe that
subtracting successively higher order PN series improves the agreement with
the numerical data, as expected.

have shown that the local self-force experienced by the particle is balanced
(to a relative error of 107%) by the radiated fluxes through the spacetime
boundaries. Details on each of these checks will be presented in [329].

Numerical results: time-domain approach with Hamiltonian dy-
namics

An overview about the TD code used in this work is contained in Sec. 2.5.2 of
Chapter 2. It is important to stress that the delta functions in the source can
be discretized either using a narrow Gaussian or discrete delta functions; the
former option is used in case of circular orbits as discussed in [312]. The code
was extensively tested and delivers multipolar waveforms and GW fluxes at
null infinity with an accuracy well below the 1% level up to m = 4 modes
[306, 312, 313, 314]. The data used for this work are produced exactly as
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described in [312, 313]. Circular equatorial trajectories for the test body are
computed using the Hamiltonian formalism detailed in Sec. III of [313]. The
Hamiltonian of a spinning particle at linear order in the spin was originally
obtained in Ref. [335]. The same Hamiltonian can be recasted in certain spe-
cific effective-one-body (EOB) coordinates as illustrated in Ref. [336]. The
EOB coordinates are transformed to the hyperboloidal ones via a transforma-
tion linear in 0. The EOB dynamics is compatible with the MPD dynamics
with Tulczyjew and the Pirani [337] SSCs across almost the whole spin and
frequency range for the Schwarzschild background [313]. One must, how-
ever, be aware that that the Hamiltonian circular dynamics and the MPD
dynamics described above are fully equivalent and compatible only when the
spin of the particle is small. We address the reader to Ref. [313] for addi-
tional details. Following previous work of some of us [313, 314], we want to
accurately compute numerical fluxes for values of the spins that are large,
i.e., 0 ~ 1 and for orbits that are near the spin-dependent last-stable orbit.
Past work [313] suggests that this can be done using the Hamiltonian for-
malism. Like the FD results mentioned above, our results will not be linear
in o, essentially for the same reasons mentioned above. Thus, to provide a
consistent comparison with FD results, we also extracted the linear-in-sigma
piece out of the numerical results.

9.2.3 Comparing numerical waveform amplitudes

Since the main aim of the paper is to check resummation procedure for gravi-
tational waveform amplitudes, it is convenient to directly use these quantities
for comparing the results obtained with the two numerical approaches. In
this respect, the extraction of the linear piece mentioned in the previous
section is now performed at the level of the waveform amplitudes (defined
below) and not on the fluxes. Likewise for the fluxes, each waveform multi-
pole is factorized in the product of a Newtonian (leading-order) contribution
and a relativistic correction

him () = WV (2)hS) (2), (9.6)

where h%’e) is the Newtonian prefactor given by Eq. (4.35). In practice, it is
convenient to focus only on the relativistic correction, since it is a function of
order unity whose PN expansion has the structure ﬁéz ~1l4x+a324 ..
Figure 9.2 offers a comprehensive comparison of the various numerical data
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at our disposal for an illustrative sample of multipoles and spins. The top
part of each panel of the figure shows 4 curves: (i) the outcome of the time-
domain code with Hamiltonian dynamics; (ii) the same quantity where one
has subtracted the nonlinar-in-spin part; (iii) the outcome of the frequency-
domain code with MPD dynamics: (iv) the same quantity where one has
subtracted the nonlinear-in-spin part. The vertical line in the plot marks
the location of the o-dependent frequency of the last-stable-orbit (LSO), as
obtained, for example, in Ref. [313]

1
250 =~ 2 (9.7)

6 126

As can be seen from Fig. 9.2 the linear-in-spin results from the two codes
are in the excellent agreement reaching a fractional accuracy of ~ 107> (this
is limited by the precision of the TD code and the need to extract the linear-
in-spin contribution). Note that we do not expect agreement between the
nonlinear in spin results as each code effectively includes different pieces of
the nonlinear contribution (either through their dynamics or other aspects of
the calculation). We emphasize that, to the best of our knowledge, this is the
first successful comparison between two completely independent Teukolsky
codes with a spinning secondary object. The excell