PHYSICAL REVIEW D 106, 024026 (2022)

Theory-agnostic framework for inspiral tests of general relativity with
higher-harmonic gravitational waves

+

. * . .
Simone Mezzasoma® and Nicolds Yunes

Lllinois Center for Advanced Studies of the Universe and Department of Physics,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA

® (Received 11 May 2022; accepted 21 June 2022; published 18 July 2022)

Recent gravitational wave observations show evidence for the presence of higher harmonics, thus
possibly indicating that these waves were generated in the inspiral of compact objects with asymmetric
mass ratios. Signals with higher harmonics contain a trove of information that can lead to a better
estimation of system parameters and possibly to more stringent tests of general relativity. Gravitational
wave models that include higher harmonics, however, have only been developed within general relativity,
while models to test theory-agnostic deviations from general relativity have been purely based on the
signal’s dominant mode. We here extend the parametrized post-Einsteinian framework to include the
¢ =2, 3, and 4 harmonics, thereby providing a ready-to-use Fourier-domain waveform model for tests of
general relativity with higher harmonics. We find that the deformations to the higher harmonics of the
Fourier phase can be easily mapped to the deformation of the dominant harmonic, while the deformations
to the higher harmonics of the Fourier amplitude in general cannot in a theory-agnostic way. Nonetheless,
we develop a simple ansatz for the deformations of the waveform amplitude (through a rescaling
deformation of the time-domain amplitude) that both minimizes the number of independent amplitude

deformations parameters and captures the predictions of all known modified theories to date.

DOI: 10.1103/PhysRevD.106.024026

I. INTRODUCTION

The advanced Laser Interferometer Gravitational-wave
Observatory (aLIGO) [1] and advanced Virgo [2] have
detected a plethora of events, some of which may have been
produced by compact binaries with asymmetric mass ratios.
For example, the most recent Gravitational-Wave Transient
Catalog, GWTC-3, produced by the LIGO Scientific
Collaboration (LSC) and the KAGRA Collaboration [3],
contains 90 compact binary events, with a greater than 50%
probability of being of astrophysical origin [4]. Of these,
15 sources have been estimated to have a (maximum-
likelihood) mass ratio less than 1/2.

The quasicircular inspiral of compact binaries with
asymmetric mass ratios are interesting because they pro-
duce gravitational waves (GWSs) that have power in many
harmonics of the fundamental mode. From post-Newtonian
(PN) theory, the GWs emitted in the quasicircular inspirals
of nearly equal mass compact binaries is dominated by the
(¢,m) = (2,£2) harmonic [5]. Higher harmonics scale
with powers of the mass difference, and thus, are important
only for binaries with asymmetric mass ratios. The effect of
these higher harmonics is to change the signal from
effectively a sinusoid of monotonically increasing phase
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and amplitude to a superposition of waves with varying
amplitudes and phases that lead to beats in the signal.
Precious information is contained in these higher modes,
and if one does not model them, one may (i) introduce bias
in the parameters extracted with a dominant-mode wave-
form model, and (ii) miss out on important physics that
could have been extracted. For example, parameter esti-
mation of GW170729 with a model that does not include
higher harmonics can lead to a (systematic) mismodeling
bias in the estimation of the individual masses of ~O(10%)
(see e.g., Table I in [6]). Moreover, the inclusion of higher
harmonics in the model can help constrain the mass ratio
better by decreasing the confidence region by ~O(15%)
[6]. Similar improvements were also found for the
asymmetric-mass events GW190814 [7] and GW190412
[8], but also for GW 190521 [9,10] which exhibits a mass
ratio of 0.797. Given this, one may also wonder whether
tests of general relativity (GR) would be strengthened if one
had a model to carry out such tests with higher harmonics.
The disadvantages coming from neglecting the higher-
harmonic content will only increase with the advent of
third-generation detectors [11], like the planned Einstein
Telescope [12,13] and Cosmic Explorer [14—16]. Upgraded
detectors will be able to capture events with greater signal-
to-noise ratio (SNR), which will make us more sensitive to
biases in parameter estimation if we use theoretically
incomplete models. Aside from improving the accuracy
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of parameter estimation, the introduction of higher har-
monics helps break degeneracies, e.g., between inclination
angle and luminosity distance [17], which is particularly
important in null tests of GR.

Many years of efforts have produced analytical and
numerical waveform models that describe higher modes in
GR. The most recent analytical models, PhenomPv3HM [18]
and SEOBNRv4HM [19] (extensions of PhenomPv3 [20]
and SEOBNRv4 respectively [21]), have been employed
by the LSC during the latest GW search [22]. Among
the phenomenological models, the recent accelerated
PhenomXPHM [23,24] outperforms PhenomPv3HM in computa-
tional speed. As for numerical models, the interpolation of
numerical relativity simulations for unequal-mass systems
has led to the current surrogate waveform NRSur7dg4 [25],
capable of generating ~20 orbits before merger. These
models reproduce the signal from spin-precessing black
hole binaries and are key to correctly interpret events that
show clear higher-multipole emission, as in the case of
GW190412 [8,26,27]. Indeed, the analysis of this event
with these models broke the degeneracy between the
luminosity distance and the inclination angle, allowing
for a measurement of both (see e.g., Fig. 4 in [8]).

Despite the success of such refined models in GR, not
much effort has been put in developing a theory-agnostic
beyond-quadrupole model that can be used to perform
parametric tests of GR. As a result, the current Fourier-
domain parametrized waveform models use only the
dominant mode, or partially integrate higher harmonics
by allowing for phase corrections only [28,29]. A notable
example of a dominant-mode model is the parametrized
post-Einsteinian (ppE) model [30-38], which incorporates
generic beyond-GR deformations in both the amplitude and
the phase, and has been used to successfully constrain
modified theories of gravity since the early GW events
(see e.g., [39]) through the TIGER implementation of the
LSC [22,40-45].

In this paper we tackle the task of extending the original
ppE model to higher harmonics by proposing a ready-
to-use waveform template in the frequency domain for
nonspinning circular compact binaries that includes the
harmonics # = 2, 3, and 4. Focusing on the inspiral, we
achieve this by introducing beyond-GR perturbative cor-
rections both in the time evolution of the orbital frequency
and in the time-domain amplitude of each GW mode.
Under the stationary phase approximation (SPA), each
Fourier-domain harmonic inherits a ppE-like deformation
that can be uniquely tied to the orbital dynamics and the
GW emission channels of the modified theory.

Our preliminary analysis shows that the ppE phase can
be easily extended to all harmonics and the higher-
harmonic contributions are simple rescalings of the dom-
inant-mode harmonic. The ppE amplitude corrections that
arise in higher harmonics, however, cannot be mapped only

to the dominant-mode amplitude in general. This is because
the ppE phase parameter of each harmonic is uniquely
determined by the time evolution of the orbital frequency,
accurate to leading-PN order in the non-GR deformation.
The ppE amplitude corrections, on the other hand, depend
in general on not just the orbital trajectories, but also on the
perturbed field equations for the GW metric perturbation.
Nonetheless, we show that a simple ansatz for the metric
perturbation minimizes the number of independent ppE
amplitude parameters while simultaneously capturing the
predictions of all modified theories of gravity at 1PN order
known to date.

It remains to be seen if this simple ppE extension is
sufficient to cover other modified theories, but in the
meantime, the basic tool developed here can still be used
to constrain theory-agnostic deviations from GR with GWs
that contain higher harmonics. In particular, our ppE
extension can be used to assess the gains in the strength
of GW tests of GR due to the inclusion of higher
harmonics. If this ppE extension significantly tightens
the current bounds on the coupling constants of modified
theories, then one could further refine the extension
by (i) including degeneracy-breaking physics (e.g., ellip-
tical orbits and spin precession) and (ii) putting forward a
more sophisticated ansatz that maps to a broader set of
theories (once the predictions of the latter have been
worked out).

The breakdown of the paper is as follows. In Sec. II, we
review the higher harmonic decomposition of GWs from
inspiraling nonspinning binaries within GR. Specifically,
we lay out the 1.5PN-order GR results that will serve as the
basis for the subsequent ppE construction. In Sec. III, we
rederive the original ppE waveform and we discuss how the
issue of computing the dominant-mode amplitude correc-
tion has been approached in previous work. Section IV
contains the new higher-harmonic ppE waveform model
and its minimal version, which is shown to properly
represent the predictions of two known theories. In
Sec. V, we summarize our findings and suggest future
avenues for future work. Lastly, Appendix A collects the
coefficients that define the 1.5PN-order GR waveform and
Appendix B summarizes the definition of spin-weighted
s = 2 spherical harmonics. We adopt geometric units, thus
setting G = 1 = ¢ throughout.

II. HIGHER HARMONICS IN GR

In this section, we outline the known harmonic content
of the GW waveform from an inspiraling, nonspinning
compact binary, up to 1.5PN order. The time domain
harmonics are then Fourier-transformed under the sta-
tionary-phase approximation and the leading-PN-order
result of each harmonic is presented. Readers already
familiar with the subject of higher harmonics in GR may
wish to skip directly to Sec. III.
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A. Full waveform in GR

Let us consider a GW produced in GR by an isolated
slow-moving inspiraling binary source. First, we define the
basis used to decompose the GW strain tensor /;; and the
vectors that describe the dynamics of the binary system.
Following the conventions in [5], we construct the source
orthonormal basis {e,.e,,e.} where e, is aligned with the
orbital angular momentum L of the binary. Since we restrict
our analysis to the quasicircular motion of nonspinning or
spin-aligned binaries, the vector L is assumed to be fixed
(see e.g., [46] for an analysis on the time evolution). The
individual positions r; and r, of the binary components
relative to the center of mass are mapped to the separation
vector r = ry — r, in the center-of-mass frame by requiring
that the source dipole moment, conserved under the
equations of motion, is zero [47]. Because the motion is
constrained to the orbital plane, we can equivalently
describe the system with the separation distance r = |r|
and the orbital phase ¢. Then, the unit vector

n=r/r = cos e, + sin ge, (2.1)
is used to build the corotating frame {m,A,e.}, with
A=e, xn = —singe, + cos pe,.

The detector lies far from the source at a distance D in

the direction of the unit vector

N =sinicosge, +sinisin pe, +cos e, (2.2)
with inclination angle : € [0,7z] and azimuthal angle
@€[0,27). In a radiative coordinate system X*=(T,X'),
with D = (X'X75,;)!/2, the metric at the detector location
takes the form

Guw = Ny + Py, + O(R?), (2.3)

where 77, = diag(—, +, +, +) is the Minkowski metric. We
work in the transverse-traceless (TT) gauge, so the spatial
components of the gravitational potentials /z,,; , carrying the
GW from a PN source can be written as a radiative
multipolar series (e.g., Eq. (2.1) in [5]). The leading term
in 1/D of k" is then used to construct the plus and cross
waveform polarizations

N =

by = (PP = QIQNAT,

(2.4)

1

h
T2

(P'Q/ + Q'P)h]T. (2.5)

Here the vectors P and @ are part of the polarization triad
{N,P,Q}, and are defined through

P=N xe, =sin gpe, —cos ge,, (2.6)

Q=N XP =cos1cos pe,+costsin pe, —sin re,.

(2.7)

For a binary system composed of compact objects of
masses m; and m, in a quasicircular orbit, Egs. (2.4) and
(2.5) produce the PN series

WS
hy . = 5’% S wrH{?, (2.8)
Jj=0

where p = (m;m,)/M is the reduced mass, M = m; + m,
is the total mass, and

x(1) = (M (1))*/? (2.9)

is the PN expansion parameter. The coefficients H Sf/xz ) are
functions of the orbital phase and the inclination angle,
which are presented up to 3PN order for example in
Sec. VIII of [5] after replacing

voy—e+r/2, (2.10)

where

w=¢-3x2 (1 - §x> In(x/xo), (2.11)

is the tail-distorted phase variable [48] and x, is a gauge-
dependent arbitrary constant. This auxiliary phase variable
is introduced to conveniently recast logarithmic terms
present in the amplitude into a phase modulation, forcing
those terms to appear in the waveform only as 3PN (rather
than 1.5PN [49]) amplitude corrections.

B. Waveform harmonic decomposition

By inspecting the coefficients H(j/f ) we see that, up to

1.5PN order included (j < 3), the time-domain gravita-
tional waveform in Eq. (2.8) can be rearranged as a
superposition of modes in the form

5
hyso =Y AL (x) cos @) + O,

n=1

(2.12)

where q)<+"> =n(y —p+1/2),00) = q><+”> — /2, and the
amplitudes

n 2 > n.j) ;i
AL () = =Fx Y aldlxi’?
j=0

(2.13)

are given by a PN series whose coefficients are listed
in Appendix A. Note that we have dropped the nonlinear
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n =0 memory terms [50] in Eq. (2.12) as our target
detectors are limited by a positive cutoff frequency [51].
For data analysis applications, the analytic expression in
Eq. (2.12), only valid in the early inspiral stage, has to be
matched to numerical relativity simulations that cover the
merger-ringdown phase (see e.g., [52,53]). To make contact
with numerical results, it is routine to define the complex
combination
h(t) = h, — ih,, (2.14)
and extract the (1, ¢) angular dependence by projecting
it on the basis of spin-weighted spherical harmonics
Y?™(1,) (see Appendix B for definitions) with spin s = 2

CRPIPILELEY

The harmonic coefficients are obtained by integrating

(2.15)

hy(2) /dcosz/ dph(t)(Y2(1,9))*,  (2.16)

and, for nonprecessing binaries, they satisfy the equatorial
symmetry

he-n(t) = (=1)"h3, (1), (2.17)
which allows us to recover the components with m < 0
from those with m > 0. Henceforth, we will only focus on
the positive values of m. Performing the integration in
Eq. (2.16) shows that h,,,(t) can be written as

B (1) = Apy(x) e7™ (2.18)
where
Al = VEEDE g

I
X / d cos 1(A" + AU)dim(cos 1), (2.19)
-1

and the functions dg’" are defined in Eq. (B2).
With the harmonic content in Eq. (2.13), which includes
the £ = 2, 3, 4 modes, Eq. (2.19) takes the form

—ZDM\/TXHM( ),

and the leading PN contribution (for the higher PN order
expressions, see [5]) of each frequency-dependent ampli-
tude H,,, is

Aem(x) (2.20)

Moy = %x‘/zA, (2.21a)
Hy = 1, (2.21b)
l
Hs = x!72A, 2.21c
T 2V14 (2:21¢)
H —1\f(1 3v) (2.21d)
30 = 3 7 V)X, .
3 /15
Hiz = — =iy —x'2A, (2.21e)
14
1 —20)x%2A 2.21f
41 84\/_( v)x ( )
5
o =Y (1= 30, (2.21¢g)
63
Hi =~ _(1—2y) 324, (2.21h)
8 /5
Has = =3 \/7(1 - 3u)x, (2.21i)

where A =sgn(m; —m,)v1—4v, and v =u/M is the
symmetric mass ratio.

We note that each mode in Eq. (2.18) involves a slow-
varying amplitude multiplied by an oscillating phase, i.e.,

d
’ LA, (2.22)

and assuming |ij7| < %, we can obtain an analytic expres-
sion of its Fourier transform

o (f) = /_ " by (1) 1, (2.23)

under the SPA [54-56] with

2
miji (1,,)

- 1/2 ) _
hfm<f>:( ) Ay ()i m¥ 519, (224)

In the last expression, valid for m > 0 and f > 0, the
stationary time 7,, is implicitly defined by

(2.25)

or equivalently by

% = 2(T,) = (Zﬂf f) T romne). (226)
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The phase ¥(x,,) appearing in Eq. (2.24) is defined as
2nf 2nf

_ _ T
lIJ(Xm) = W(tm) - 7tm W+ 7% (2'27)

_ 1 /x &/de o /x dx

M X " X

32
m
1., 2.28
W+t (2.28)
where v, f, are integration constants,
dx 6417

i= it“ - ?ixs + OGO, (2.29)

and we have neglected subleading PN terms arising from
the mismatch between y and ¢.

To leading-PN order in both amplitude and phase,
Eq. (2.24) for nonspinning binaries in a quasicircular orbit
reads [57]

- aM? 2u__ 2\ 1/2 _
hon(f) = 5 ?xm7/4 (Z) Hem(Xm)

. 3 _sp .
X exp {zm(F@xm +y, in/4|, (2.30)

with X,, defined by Eq. (2.26) and the frequency-dependent
amplitudes H,,,(x) given in Egs. (2.21).

III. PPE IN A NUTSHELL

In this section, we review the building blocks of the
dominant-mode ppE waveform model. After defining the
small coupling limit, we illustrate how the ppE waveform
model can be obtained from a radial perturbation of the
two-body Lagrangian. We highlight the known mapping
between ppE parameters and beyond-GR deformations of
the orbital dynamics, emphasizing how the amplitude
correction requires the choice of an ansatz for the metric
perturbation.

A. The ABC of ppE

The ppE framework, first proposed in [30], describes
deviations beyond GR encoded in GWs from compact
binaries. The strategy behind the ppE formalism is to work
in the perturbative regime of a chosen metric theory of
gravity in order to have analytic control of the waveform
with just a few deformation parameters. The metric theory
must admit a well-defined and continuous limit to GR in the
weak-field and low-velocity regime, and it is required to
have an observable non-GR effect in the strong-field regime.

Considering only the GR polarization content, the
Fourier transform of the response function due to the
GW impinging on a two-arm 90°-interferometer is

where F,, are the detector beam-pattern coefficients
[58,59] which depend on the source location on the sky
(05, ¢ps) and the polarization angle y . These coefficients
describe the relative orientation of the source with respect
to the detector and we have assumed that the signal remains
in band for a short enough time to regard the angles
(05, s, ws) as constant. This justifies taking the Fourier
transform of the metric perturbation before combining it to
form the response function.

During the early inspiral phase of the binary, the simplest
ppE template of the sky-averaged Fourier domain response
function is

ho(f) = hycr(f)(1 + au®)e,
with u = (zMf)"/?, and the leading-PN-order GR

response function (higher-order phase corrections can be
found e.g., in Eq. (3.18) of [60]) is

. T M* 3
= - _/2 7 =5 -3
hror(f) =[5 ™" exp <’—128” +O(u )),
(3.3)

(3.2)

where M = (m;m,)33/(m, +m,)'/> is the chirp mass
(m; and m, denoting the component rest masses), D is the
distance from the source, and f is the measured GW
frequency. Each theory corresponds to a particular set of
ppE parameters {a, a, 5, b}, of which @ and  measure the
magnitude of the corrections and are functions of the
coupling constant of the theory as well as the intrinsic
masses and spins of the binary. The exponents a and b take
(positive or negative) integer values and control the PN
order at which these corrections enter the amplitude and the
phase, respectively. The gravitational waveform computed
from many alternative theories of gravity in the small
coupling limit has been shown to produce Eq. (3.2), to
leading-PN order [33,35,37].

Let us now define the small-coupling limit. When
expanding the amplitude or the phase of the Fourier-
domain response function &, (f) in terms of two indepen-
dent variables, such as the dimensionless coupling { of the
theory and the velocity of the system »  u°, we need to
choose the order in which we perform the expansion as the
two operations may not commute. To illustrate this,
consider the simple function

1

(¢ 0) =5y

(3.4)

which is singular along the line { = —v and in particular at
the origin. Expanding first in powers of { and then in v
generates
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_])”
n+1 Cn’

M

d[(C, U) = (3-5)

v

i
o

which converges to d({,v) in the region [{] < |v].
Alternatively, one could expand first in powers of v and
subsequently in ¢, obtaining

dy(S,v) = Z”: L v",

Z_:"+1
n=0

(3.6)

which is valid in the complementary region |v| < ||
Clearly the two representations d; and dy; are not equivalent
and picking one over the other corresponds to restricting
the parameter space that we wish to study.

In this paper, if /,(f) is singular around (¢, v) = (0,0)
and the standard Taylor series cannot be used to approxi-
mate the function in this region, we resort to a power series
representation by expanding first to leading order in the
coupling ¢ and subsequently in the velocity v. This
corresponds to choosing d; in the above example and it
is often referred to as quadrupole-driven case as opposed to
dipole-driven case [61,62]. This ensures that if the GR limit
exists, taking { — 0 in the expression of /,(f) yields a GR
PN approximant, such as TaylorF2 [60], whose leading
contribution is in Eq. (3.3).

B. Waveform derivation

1. Time domain waveform model

Since the original ppE formulation was developed for
leading-order PN calculations, only modifications to the
dominant (¢, m) = (2,42) mode could be probed. In this
paper, we will extend this formulation to 1PN order, so that
higher harmonics can also be probed. But before we do so,
let us review the procedure to obtain Eq. (3.2) for a
nonprecessing binary in quasicircular equatorial orbits.

We start with a two-body PN Lagrangian

L=Ly+ (L, (3.7)
in the center-of-mass spherical coordinates (r,¢), where
r(t) is the relative separation and ¢(¢) is the orbital phase of
the binary. The quantity L, is a two-body Lagrangian
obtained from GR, for instance through the Fokker action
method [63,64]. For leading-PN-order calculations,
it is sufficient to keep L, to Newtonian order, i.e.,
Lo = u(i* + r2¢*) /2 + Mu/r, where we recall that
M = m; + m, is the total mass and u = (m;m,)/M is
the reduced mass. The quantity L; encodes an effective,
non-GR Lagrangian modification multiplied by a dimen-
sionless parameter ¢, which is linked to the coupling
constant of the theory. We assume this parameter to be
small and use it as an expansion variable following the
prescription outlined in Sec. IIT A.

Like L, L; is generated as a PN series, for example,
using the Fokker formalism applied to modified theories of
gravity [62,65-67]. One could also follow theory-agnostic
methods, such as the modified Einstein-Infeld-Hoffmann
framework [68], to first parametrize the two-body
Lagrangian to a given PN order and then retain only the
leading terms that survive after the small coupling expan-
sion. However, we will not employ this kind of approach
here as it would lead to involved equations of motion, going
beyond the scope of this work.

To exemplify, we consider deformations of the form

MN\Ww
fon()

although we stress that for a consistent analysis such
modifications should include a dependence on ¢ and 7.
In fact, velocity-dependent corrections in L; may arise
from genuine modifications of the kinetic term due to
beyond-GR effects [34], but also from our choice of center-
of-mass coordinates [47,69,70].

The exponent w in Eq. (3.8) determines the leading-PN-
order characteristic properties of the theory. In what follows
we consider w > 1 to exclude degeneracy with the
Newtonian potential; the case w =1 can be reabsorbed
into L, after a redefinition of the total mass M or the
gravitational constant G. For simplicity, we allow w to take
only integer values to preserve the time-reversal symmetry
of the conservative sector.

We proceed by deriving the Euler-Lagrange equations
from Eq. (3.7) and imposing the condition of circular orbits

(3.8)

F=0=F (3.9)

This leads to a modified Kepler’s third law of the form

%zx(l—l—é’xlx”), (3.10)
where A=-w/3, p=w-—1, and the PN frequency
parameter is x = (M¢)*>.

Notice that M here is the active gravitational mass and
we have set the gravitational constant G to unity. All of this
is allowed because the leading-order modification enters at
higher than Newtonian order; if this was not the case, then
the active mass or the gravitational constant would have to
be renormalized.

Legendre-transforming Eq. (3.7) leads to the Hamiltonian
of the system

H=Hy+{H,, (3.11)
with Hy = u(i? 4+ r*¢*)/2 = Mu/r and H, = —L,, where
one can think of the velocities as implicit functions of
the momenta p, = dL/dr, p, = oL/ 0. We then use the
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equations of motion in Egs. (3.9)-(3.10) inside the
Hamiltonian of Eq. (3.11) to obtain the binding energy as
a function of x, namely

E(x) = -1 (1 4 caxr),

5 (3.12)

with A= -2(2w—-3)/3. In this expression we have
discarded O(¢{?) and O({xP*?) terms for consistency,
but higher PN order terms can in principle be included
straightforwardly.

Independently from the conservative dynamics provided
by Eq. (3.7) we must now prescribe the energy flux F due
to all radiating fields present in the theory (other fluxes are
not relevant to quasicircular orbits at leading PN order). For
example, for scalar-tensor theories [71,72], the leading PN
flux F =F;+ Fg is comprised of a tensorial GW

contribution F; = (327)~! [(h;;)?D>d< and a scalar con-

tribution Fg = (4x)~" [(¥)>D*dQ, where ¥ denotes the
scalar field and here the overdot is the derivative with
respect to retarded time 7., =t — D. In general, the fluxes
are constructed from derivatives of the fields, which can be
expanded in terms of radiative multipole moments in the
far-away radiation zone, and which are, in turn, given in
terms of the source multipole moments through asymptotic
matching. Evaluating the energy flux through the equations

of motion in Egs. (3.9)—(3.10), trading any r and ¢
dependence for x, and linearizing in ¢ and to leading-PN
order in x, one typically obtains a frequency-dependent
expression of the form

Fx) = 2020(1 + ), (3.13)
for some dimensionless coefficient B € R that will depend
on the intrinsic parameters of the binary. Ignoring the
presence of non-GR hereditary tails, which in GR enter at
1.5PN order [51], we take the exponent g to be a nonzero
(possibly negative) integer.

With the conservative and the dissipative sectors para-
metrized in terms of GR deformations, we can now obtain
the time evolution of the frequency through the balance
equation

Hx) = dar _ —E'(x)/F(x).

- (3.14)

Expanding this equation in both { and x, we obtain

(x) = i%x‘s(l + ¢CxR),

3.15
64 v ( )

where

k = min(p, q), C=A(p+1)6, — B, (3.16)

and 5, , is the Kronecker symbol. In Eq. (3.15) we have
consistently discarded O(¢?) and O({xF*) terms.

In order to proceed, we must now select a parametriza-
tion for the deformations of the metric perturbation ;" in
the TT gauge, requiring it to be compatible with the
multipole expansion used to produce the energy flux in
Eq. (3.13). An exact description of the GW waveform
can only be achieved after selecting a particular theory and
solving for its polarization content [33], as done e.g., by
integrating directly the field equations [73,74]. Without
specifying the theory one can only propose an ansatz for
the plus and cross waveform polarizations. Commonly
employed for leading-PN-order estimations [35,75] is the
quadrupole formula (see e.g., Sec. 1.2 in [51] for the formal
definition), which in the time domain and for a quasicir-
cular binary implies

hy(x)=A, «(x)cosd, ., (3.17)
with @, =2¢, &, = ®, — /2. The amplitudes are taken
to be [35]

2u .
A= - 0, 7?7, (3.18)

and are reduced to functions of x by means of Eq. (3.10)

Arel) = 20 a1+ 200r). (319)

Here Q. = —(1 + cos?1) and Q, = —2cos are functions
of the inclination angle 1.

We see that the modified Lagrangian in Eq. (3.8)
stretches the amplitude by a frequency-dependent term
which is of the same PN order as the correction affecting
the binding energy in Eq. (3.12). Note, however, that
Eq. (3.18) is constructed following the quadrupole formula
of GR, and it relies on the Newtonian equations of motion
to eliminate the accelerations that arise from the second
time derivative of the quadrupole moment. Thus, depend-
ing on our starting point in the parametrization of A ,,
some effects of order O({x”*!) in the amplitude may be
lost at this stage. To overcome this problem, we may
generalize the amplitude deformation to

Ay (x) = AR (x)(1 4+ LT x7+),  (3.20)
with ATR (x) = 2uQ ,x/D and where the coefficients and
exponents {I", .., 7, .} parametrize the type of GR defor-
mation. Given a particular theory, these new ppE co-
efficients can be read from the waveform, as was done
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e.g., in [33], after integrating the field equations consis-
tently in the small coupling approximation. One point to
note is that, at the level of Eq. (3.20), we can increase the
PN accuracy of AR (x) by replacing it with Af,)x (x) in
Eq. (2.13) at the cost of introducing mismodeled terms of
order O(¢x7+x+3/2). Because { is parameterically small and
the analysis is restricted to quadrupolar radiation, we expect
these terms to have little impact on parameter estimation,
while the presence of higher-PN GR terms helps to cover a
longer segment of the inspiral.

2. Frequency domain waveform model

The Fourier-transform of each waveform polarization in
Eq. (3.17) is readily computed under the SPA. Denoting

Xp =X, = (zMf)*, we have
he  (f) = / ” he y (x)e?™ 1 dt (3.21)
= Ay () exp [, (x) +7/4)). (322)
where
Atx(xf) = \/?x;l/“ \/).C_l(xf)A+,><(xf)’ (323)
and
Y. (xp) =¥(xp), (3.24)
Y, (xp) =¥, (xp) —n/4, (3.25)

with W(x,) given by Eq. (2.27), which now contains the
modified x~! in Eq. (3.15).

Now taking the small coupling limit of Egs. (3.23)—
(3.24) leads to

. - M?* [5xzv

A(o) = g\ Te ey (L4 CHAE). (3.26)
with
C
H = 5(5](7[, +5kq 5pq) + 2/15](1,, (327)
and
¥ (x;) —ix‘5/2(1+cwx) (3.28)
A 25611 ’
with
20
W= C 3.2
(k—4)(2k = 5) (3.29)

In Eq. (3.29) we excluded the case k = 5/2 as it would only
occur when non-GR tail-like terms are included in the flux.
We further assumed k # 4 for simplicity, as among the
theories that have been studied (e.g., see Table III of [39])
this case only appears in a specific gravitational standard
model extension [76].

Inserting Eqgs. (3.26)—(3.28) into (3.1) we obtain

() = OO PRSI0 4 chi) expl-i2¥ (x)),
(3.30)
up to an overall constant phase e’® with
® =arctan2(F, O, F,.0Q,) — n/4, (3.31)
and where
0=\/(F,Q.+(F.0. (332

If we replace Q with its root mean square (see e.g.,
Sec. 7.7.2 in [77])

Q — /(0% =4/5, (3.33)
where the averaging symbol stands for
_/1dcosz/ldcoses/2ﬂd¢s/2 dy/S (3.34)
02 Ja 2 0
and rewrite the frequency dependence through u = v/ Sx}/ 2,

the result is the ppE waveform stated in Egs. (3.2)—(3.3)
with

a= (v H (3.35)
o)
=y /5 5 (8kp +0ky—0py) +248,,|,  (3.36)
a =2k, 3.37
(3.37)
3 —2k/5
p=C1ogY w (3.38)
15 o)
= _Zk/s i
k= k=) (3:39)
b =2k-5. (3.40)
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IV. A NEW HIGHER-HARMONICS PPE
WAVEFORM MODEL

In this section, we extend the ppE waveform template in
Eq. (3.2) to incorporate harmonics beyond the dominant
quadrupolar mode. We then propose a minimal model that
can be used to asses how much the presence of new of
amplitude corrections can impact parameters estimation.
As we aim to demonstrate the feasibility of a mapping
between these corrections and beyond-GR effects, we
consider nonspinning binaries only, whose leading-PN-
order harmonics in GR are listed in Sec. II B. However, the
template can be extended to nonprecessing spinning
systems by employing GR harmonics that take spin effects
into account (e.g., those in Sec. III of Ref. [57]). Despite its
simplicity, the minimal Fourier-space waveform model is
able to capture the class of modified theories that exhibit
dipolar emission. Two examples, for which GW results
to 1PN order have been computed, are shown: shift-
symmetric-Gauss-Bonnet gravity and massless scalar-
tensor theories.

A. A higher-mode ppE model

Our goal is to parametrize a Fourier-domain template
that covers all the nine positive-frequency independent
¢ =2, 3, 4 harmonics generated by an inspiraling non-
spinning binary in quasicircular orbit, for which the
equatorial symmetry in Eq. (2.17) holds. We limit our
discussion to £ < 4 since this is the harmonic content of
IMRPhenomHM [78], one of the suitable GR waveform
models that can be modified to implement higher-harmonic
ppE corrections. The main difficulty consists in narrowing
down the number of ppE parameters that enables a mapping
to different modified theories and that, at the same time,
avoids overfitting the data.

First, consider the trivial generalization of Eq. (2.30)

hfm(f) - hg};(f)(l + afmuafm) exp[iﬁfmubm]’ (41)
with u = (zMf)'/? and a maximal number of 36 constant
parameters {z,,, dzpm» Prm» Pem }- Because the phase in the
Fourier-domain is completely determined by inserting its
time evolution x~!(x) of Eq. (3.15) within Eq. (2.27), we
see that the (£,m) dependence of the 18 parameters
{Bsmsben} simplifies to

ﬂfm = ﬁm9 bfm = b’ (42)
where b is the same as in Eq. (3.40) and
2\ 2(k—4)/3
m

with # given in Eq. (3.38).

Is it sufficient to consider purely real amplitude correc-
tions a,,,? Reference [79] shows that the inclusion of a
phase @, = arctan 2(Ima,,,, Rea,,,) is essentially unin-
formative when trying to place bounds on amplitude
deviations. Therefore we restrict our analysis to the case
az,, € R. This choice implies that the ppE phase of
Eq. (4.1) is entirely controlled by f,, in Eq. (4.2) for all
harmonics, or equivalently, by the knowledge of x~!(x) to
leading-PN order in the non-GR deformation.

As for the amplitude, we first identify the quadrupolar
corrections {a@a,d,} as the standard ppE amplitude
parameters

ar»y = Q, a = da, (44)
with a and a given by Egs. (3.36) and (3.37) respectively.
This can be seen by computing the Fourier-domain polar-
izations

(4.5)

(4.6)

at the detector’s azimuthal position ¢ = z/2, where h(f) is
the Fourier transform of h(z). By keeping the leading-PN
harmonics (¢ = 2,m = £2), the only terms that survive
the SPA are

(4.7)
(4.8)

where in the last equation we used the equatorial symmetry
in Fourier space

he—n(=f) = (=1)" (hen ()" (4.9)
which follows from Eq. (2.17). The resulting response
function, after discarding an immaterial overall phase and
averaging over all angles, takes the standard ppE form in
Eq. (3.2) from which Eq. (4.4) follows.

The crucial difference between the original ppE model in
Eq. (3.2) and the harmonic-enhanced version in Eq. (4.1)
stems from the remaining amplitude corrections. As it is
clear from the GR spherical-harmonic modes h,,,(¢) in
Eq. (2.18), when Z > 2 the leading PN term in each
harmonic is of order 0.5PN or higher, relative to the
leading /,(#). This means that, unless the modified theory
excites these harmonics through OPN corrections—as it
occurs when a scalar field sources the breathing mode—
obtaining {ay,, dsp}s-, requires the computation of
non-GR O(¢{) effects at next-to-leading PN accuracy. A
consequence of this is that the analysis we used to handle
the binary dynamics in Sec. III may not be sufficient to
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model such effects because there we discarded amplitude
terms that directly contribute to higher harmonics.

Some exceptions to this argument, however, do exist.
Reference [61] recently calculated the waveform polar-
izations for quasicircular binaries in scalar Gauss-Bonnet
theory to 1PN order. In this theory, dipole radiation is
excited in black hole binaries because individual black
holes carry a monopolar scalar charge sourced by the
Kretschmann scalar. Reference [61] found that beyond
leading-PN-order terms can still be covered by the standard
ppE formulation because one can model the 1PN terms as
quadrupolar deformations, at the cost of introducing mis-
modeled terms that do not enter the relevant harmonics, as
we will show in Sec. IV C.

B. A minimal model

In the absence of a straightforward link between the
binary dynamics in modified theories and the ppE ampli-
tude parameters {dg,,, gy tpsn, We can explore what
happens in a model that mimics the amplitude choice we
made at the end of Sec. III B 1. In this model, beyond-GR
deformations couple to each mode through the amplitude
and are insensitive to both polarization and PN order. That
is, the nonzero coefficients that define each amplitude in
Eq. (2.13) get stretched by the same frequency-dependent
power

a(ﬁ,.)/(') N agf,’i)(l + (T ™y, (4.10)

resulting in
ALL() = AL+ T (@)
This necessitates eight parameters {T'"), ) }4_ on top of

{C, k}, to describe all the # = 2, 3, 4 harmonics, although
it can be generalized to £ > 4 by considering PN terms
beyond n > 4 (which would require additional ppE param-
eters). The corresponding amplitude deformations in
Eq. (4.1) do not depend on ¢ and read

2\#" , . [C
={— T3 —= (6 ) m 4.12
Ay C(m) U [2(0(>,y<> (4.12)
—5—56("1)’,( - 57,("1)’,() + F<m>56(m’y(m)] s (4.13)
a, = 26", (4.14)
where we have defined
o = min(k, y™). (4.15)

This model is analogous to the one explored in Sec. IV of
[33] where each mode that is proportional to cosn¢(r)

receives an n-dependent modification. In that work, the
ansatz in Eq. (3.18) is promoted to higher modes by
conjecturing AS:Z)X « (rgp)" and subsequently a modified
Kepler’s law like Eq. (3.10) is used.

Though the choice in Eq. (4.11) may not cover all
theories of gravity exactly, it remains a reasonable bench-
mark to test whether these amplitude corrections actually
impact parameter estimation. Moreover, this minimal
model is sufficient to cover all known 1PN waveform
models in the modified gravity theories that have been
worked out to date, as we show in the next subsection.

C. Mapping to known modified theories

We first consider shift-symmetric-Gauss-Bonnet (ssGB)
gravity (see e.g., [80]), though the mapping to the ppE
framework can be extended to the more general Einstein-
scalar-Gauss-Bonnet (EsGB) theory [61,67]. For ssGB
gravity the dimensionless coupling is chosen to be

2
_ 5sGB
ssGB — M4

(4.16)
where aygp is the fundamental coupling constant that
enters in the action and M is the total mass of the binary
system (normalized by 16z, as in Eq. (IL.4) of [67] or
Eq. (3) of [81]).

In ssGB theory, for two spinless compact objects
in a circular orbit, the binding energy to leading-PN
order, under the small coupling approximation, reads
[61,67,82-84]

4¢..
E:_gfc<1+§%§%>, (4.17)
where
.% = (&SSGBMw)2/3 (418)

is the rescaled PN frequency parameter, in which the
coupling-dependent constant

_ _ élssGB
OssGB = 1+ IJ2

(4.19)

enters as a renormalization of the bare constant G (set to 1
here). Comparing Eq. (4.17) to Eq. (3.12) we establish that

4

A= ,
32

(4.20)

p=1. (4.21)

In ssGB theory, the leading-PN-order flux in the small
coupling limit is
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32 . 5 A2
.7::?1/2)65(14‘2:55(‘,3%?)6

‘1>, (4.22)
with A = sgn(m; — m,)V/'1 — 4v and (m,, m,) the individ-
ual masses of the binary. Comparing (4.22) to Eq. (3.13)
allows the identification

5 A2
= sc (4.23)
g=-1. (4.24)

Then, using Eq. (3.16), we see that the parameters
governing x~! in Eq. (3.15) are

5 A?

C=———, 4.25
96 v ( )

k=-—1. (4.26)
By taking the small coupling limit of the time-domain

1PN-order polarization waveforms in ssGB (see

Appendix E of [61]) we find the amplitudes A{;*® of

the theory to be

),ssGB()AC) _ {A(f.)x (%) ifn=1,3,4

(n
AL
APL(R)(1 + Lonrkd) ifn=2.
(4.27)

where A" (%) is the GR amplitude in Eq. (2.13), truncated
to 1PN order and evaluated at x = £.' The truncation of the
modification to the amplitude at 1 PN order will probably
not affect the constraints one can place on the GR
deformations, as found in the analogous phase study of
[85]; a verification of this confirmation is outside the scope
of this paper. Note that, regardless of whether the wave-
forms used to extract Eq. (4.27) are computed in the
Einstein or the Jordan frame, they coincide in the weak-
field limit [61], which we assumed here.

The amplitudes in Eq. (4.27) are covered by the minimal
model of Sec. IVB where ') =T0) =17® =,

"In order to write A7

approximated

(%) as in Eq. (4.27), we have

a1+ T @3) + a5 20l + P05 (1 + T3)
(4.28)
at the cost of introducing an uncontrolled remainder at O(%?),

where afji) are the coefficients in Appendix A that define the GR
amplitudes A", of Eq. (2.13).

1
v’
and {y™},_, 5, can take any value. As this case exem-
plifies, whenever k < 0 and the non-GR amplitude correc-
tions in the time domain are of positive PN order, y") > 0,
the values of the coefficients {T""}*_, do not enter ,
because the corrections to x~! are dominant. The argument
can be applied to theories whose time-domain amplitudes
carry only positive PN-order correction, even if these are
not described by Eq. (4.11).

In massless scalar-tensor (ST) theories (see e.g., [84,86])
the Fourier-domain GW modes /1., can still be parametrized
by the minimal model {a,,, a,,} of Eq. (4.12) despite the
time-domain amplitude corrections being # dependent. For
ST theories, the dimensionless coupling is taken to be

1
_4+2(1)0’

Cst (4.30)

where @) is the function coupling of the theory evaluated at
the asymptotic value of the scalar field. The PN expansion
parameter is
% = (astMw)?/? (4.31)

and the coupling-dependent rescaling agt of the gravitational
constant is

ast =1 = Csr+ Cr(1 —2s1)(1 = 25,)  (4.32)
with s; and s, the sensitivities of the compact objects.

In massless ST theories, and under the small coupling
approximation, the structure of the binding energy
(Eq. (5.5) of [84]) and the flux (Eq. (5.3) of [84]) for
circular orbits is the same as in Egs. (3.12) and (3.13),
respectively. The coefficients are

A=16(1-2s)(1=2s,). (4.33)
p=1 (4.34)
B= 25—4 (51— 52)2%, (4.35)
q=-1. (4.36)

which lead to C = —5(s; —s,)?/24 and k = —1 for the
evolution of X.

The time-domain waveform modes %, (1) computed in
the Jordan frame (see Sec. VI of [86]) exhibit only positive
PN-order corrections, which are subdominant to the —1PN-
order term in the flux. Thus, massless ST theories are still
controlled by the minimal model of Sec. IV B in the small
coupling regime, which is expected due to the known
mapping to ssGB [67,83].
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The waveform in [86] shows also an overall OPN-order
factor (1 — {gr), butthis can be reabsorbed into a redefinition
of the luminosity distance D, similarly to a redshift effect. If
the binary system contains only one BH (s, # 5, = 1/2)
then agr = 1 — {g7 and the binding energy receives a leading
2PN-order non-GR correction (p = 2), which does not alter
the values of {C, k} above. For such systems, the overall
OPN-order factor coincides with gt and so it can be exactly
reabsorbed into the rescaling of the bare constant G (or
equivalently the total mass M).

V. CONCLUSIONS

We have here summarized the features of a particular
dominant-mode parametrized model in the frequency
domain, namely the ppE waveform model, and then proposed
a simple extension of it that covers subdominant modes. The
latter can be particularly important for certain binary con-
figurations [11], and thus, the higher-harmonic extension of
the ppE model may lead to more stringent constraints in the
future. The main difference between the new model and the
basic ppE model is the presence of new amplitude corrections,
which can be mapped to specific gravity theories as shown in
the case of ssGB and ST theories.

The higher-harmonic ppE model, once implemented in a
full waveform generator, could be used to run a Bayesian
analysis on known gravitational wave events from the
LIGO and Virgo gravitational wave catalogs. The output
would determine the impact of the newly introduced
amplitude corrections on constraints over theory-specific
couplings, and their dependence on binary properties (both
intrinsic, like masses and spins, and extrinsic, like distance
and orientation). But how would one go about implement-
ing this extended ppE model in a full waveform generator?

An implementation is possible with phenomenological,
or phenom, models: analytical GW templates built to
accurately describe the inspiral, merger, and ringdown of
BH binaries in the frequency domain [8§7-91]. In the
phenom construction, a waveform ansatz, containing a
set of free phenomenological coefficients, is chosen for the
inspiral-merger and ringdown phases. The structure of the
frequency dependence is well motivated by PN theory and
quasinormal mode (QNM) theory. Then, the free coeffi-
cients are fixed so that the waveform ansatz is both smooth
at the inspiral-merger interface and it fits a chosen catalog
of target waveforms, which cover the parameter space.

Many versions of the phenom models exist. For non-
precessing sources, the dominant multipole model
IMRPhenomD [92,93] performs well as an inexpensive tool
to generate accurate waveforms that can be employed in
GW searches. Its extension, IMRPhenomHM [78], incorpo-
rates beyond-quadrupole radiative moments to mitigate the
bias on the properties of edge-on and asymmetric binaries
inferred through parameter estimation.

*See [94] for a model analogous to IMRPhenomHM.

An implementation of our extended ppE model
on IMRPhenomHM is straightforward because of the latter’s
modularity. That is, the GR inspiral portion of IMRPhenomHM
could be straightforwardly replaced with the ppE counter-
part in Sec. IV B. This would require adding ppE para-
meters to the parameter space, and then, given a specific
theory and its mapping to the ppE parameters, recalibrating
the phenomenological coefficients against hybrid target
waveforms that are produced by that modified theory.
However, numerical waverform catalogs in modified grav-
ity are currently scarce at best, so in practice the tuning of
the phenomenological coefficient has to be done using the
GR catalogs. Because our extended ppE model is theory
agnostic, the latter choice is expected to at most produce
conservative bounds on known modified theories.

Finally, we note that by requiring that the amplitude and
phase match smoothly at the inspiral-merger frequency,
the merger segment of the model will inherit ppE
corrections accumulated during the many cycles of the
inspiral portion (for the dominant-mode model analysis
see e.g., Ref. [95]). Thus, the merger is deformed even
without including a complete QNM analysis of each
theory, which would shift the QNM frequencies (see
e.g., [96]). Adding the latter is expected to strengthen
constraints on modified gravity, and it could be pursued as
a follow up analysis to this paper.

The preliminary model in Sec. IV B can be improved in
different aspects, suggesting future projects that might be
worth exploring. First, one could include higher-PN order
non-GR corrections in each /i, (f) and estimate how
these affect the marginalized posteriors in parameter
estimation. If not available in the literature, these cor-
rections can still be inserted artificially by proposing a
dependence on the masses (e.g., casting them as a
quadratic polynomial in the mass ratio) and adding more
phenomenological coefficients to control their magni-
tude. Second, one could employ genuine QNM results for
each theory to refine the ringdown regime ansatz. This
would offset the damping frequencies and the values of
the frequencies where the smooth matching is done.
Lastly, if the initial analysis with the higher-harmonic
model proves promising, one could invest in generating
hybrid waveform catalogs for modified gravity theories
whose PN form is known. Using these more appropriate
catalogs to fix the phenomenological coefficients would
minimize the unfaithfulness and possibly yield stronger
reliable bounds on the coupling constant of the theories
we test.
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APPENDIX A: GR WAVEFORM AMPLITUDES

Here we list the coefficients defining the GR amplitudes

{A(+n,>x (x)}>_, to 1.5PN (j < 3), used in Sec. 11 B.
Denoting ¢, = cos1, for the plus polarization we have

| o—
(1,3) 1 2 4
a+ 192 & [( I/)C, +
— (241 + 60)c2 +98v — 57]A,  (Alb)
CISLZ'O) — C[Z + 1’ (AIC)
) =Lp(1-3)ct - (114+9)2 +190-1)],  (Ald)
+ 6 ’
a2 = 2n(c2 4 1), (Ale)
9
a®v = —gV/1-ald + DA, (AIf)
33 9
+ (16u+40)c,2 —500+73]a,  (Alg)
4
al? = 3 Bv=1)(et -1). (Alh)
(53) 625 \/—“_; 4 1
1—20)4/1 - - DA, (Al
a; =384 ( V) ¢ (cl ) ’ ( 1)
whereas for the cross polarization
a0 — ‘3_‘0,\/ 1—c?A, (A2a)
1
iV = geen/1=cll5(1 - w)el +46u—63A. (A2D)
ag(z,O) =2c, (A2c)
1
a?? = Jal(=30)cf +130-17],  (A2d)
agj) = 47[0,, (AZe)
Al = _;C” /1= c2A, (A2f)
9
439 o [1—2[15(20—1)c2=38u+67]A,  (A2g)
8
at? = =5 Bv="De(c? - 1), (A2h)

(53 625

ax 192(21/—1) ¢ (1 -

c2)32A, (A2i)

and all the other coefficients are zero.

APPENDIX B: SPIN-WEIGHTED s =2
SPHERICAL HARMONICS

Here we summarize the definition and the properties of
the spin-2 spherical harmonics, used in the harmonic
decomposition. Following the conventions in [46], we have

20 + 1
A

Y (1, ) = dsm(cos 1)e™?, (B1)

where

ds" (cos 1) = Z Cpm(1 + cos 1)7Hm/2=k=1

kel sy,

x (1 = cos 1)™m/3Fk+1, (B2)

and the indices (£, m)
The coefficients ¢y ,,, are defined as

(=R S+ m)(Z —m) (£ +2) /(7 - 2)!
Cm =T k= m )t m— kN —k—2)!
(B3)

and the k sum is over the subset of integers specified by

I, = {k € Z|max(0,m —2) <k <min(¢ +m, ¢ —2)}.

(B4)

From these definitions follows the orthonormality relation
[ dcost [T gy s o (v ) = St

_ (B5)

the completeness relation

s 4
ZZY‘“ (L) (Y

( @' ) =6(cosi—cost)5(p—¢'),
=2 m=—
(B6)
and the symmetry
dy~"(cos 1) = (=1)"dj"(=cos 1). (BT

The latter enables the equatorial symmetry in Eq. (2.17)

when the GW amplitudes AS:’) and A are respectively
even and odd in cos 1.
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