arXiv:1204.2585v2 [gr-qc] 29 Aug 2012

Model-Independent Test of General Relativity:

An Extended post-Einsteinian Framework with Complete Polarization Content

Katerina Chatziioannou, Nicolás Yunes, and Neil Cornish Department of Physics, Montana State University, Bozeman, MT 59718, USA. (Dated: August 30, 2012)

We develop a model-independent test of General Relativity that allows for the constraint of the gravitational wave (GW) polarization content with GW detections of binary compact object inspirals. We first consider three modified gravity theories (Brans-Dicke theory, Rosen’s theory and Lightman-Lee theory) and calculate the response function of ground-based detectors to gravitational waves in the inspiral phase. This allows us to see how additional polarizations predicted in these theories modify the General Relativistic prediction of the response function. We then consider general power-law modifications to the Hamiltonian and radiation-reaction force and study how these modify the time-domain and Fourier response function when all polarizations are present. From these general arguments and specific modified gravity examples, we infer an improved parameterized post-Einsteinian template family with complete polarization content. This family enhances General Relativity templates through the inclusion of new theory parameters, reducing to the former when these parameters acquire certain values, and recovering modified gravity predictions for other values, including all polarizations. We conclude by discussing detection strategies to constrain these new, polarization theory parameters by constructing certain null channels through the combination of output from multiple detectors.

PACS numbers: 04.80.Cc,04.80.Nn,04.30.-w,04.50.Kd

I. INTRODUCTION

Gravitational waves (GWs) will soon be detected by ground-based detectors, such as Advanced LIGO [1–3] and Advanced Virgo [4, 5]. These waves will provide invaluable information about the gravitational interaction in the so-called strong-field regime, where the nonlinearity and strong dynamics of the Einstein equations play an important role. Although General Relativity (GR) has passed all Solar System and binary pulsar tests with flying colors, the strong-field regime remains mostly unexplored [6, 7]. For example, observations have not yet been able to confirm GR’s no-hair theorems or the non-linear part of the Einstein equations in the GW generation.

One of the primary targets of these terrestrial detectors are waves generated in the late inspiral of compact objects. Detectors that can observe signals as low as 10 Hz will be able to follow the binary inspiral from astronomically small separations down to merger. For example, for a binary neutron star inspiral, ground-based detectors should be able to detect inspirals from initial separations of ∼ 600m_{NS} ∼ 2500 km, where m_{NS} is the total mass of the binary (here and in what follows we use geometric units G = c = 1). In this late inspiral regime, the non-linearities of the field equations and the strong-field nature of GR are essential, while one can still employ perturbation theory to model the associated GWs until right before the compact objects plunge into each other and merge.

One of the predictions of GR that one would wish to test is that the GW metric perturbation only possesses two propagating degrees of freedom. In a general theory of gravity, there are up to 6 degrees of freedom allowed.

In GR, however, due to the structure of the field equations, only 2 of them are physical, with the remaining 4 being gauge degrees of freedom. Although ground-based detectors are expected to observe GWs at low signal-to-noise ratio, the simultaneous detection of such waves by multiple detectors should allow us to constrain the existence of additional polarization modes (2 scalar and 2 vectorial). The main question, of course, is precisely how to carry out such tests and the degree to which they will allow us to rule out or confirm additional polarization modes.

Many modified gravity theories exist where all 6 degrees of freedom are physical and must be accounted for when computing the GW response function. Perhaps the most well-known examples are scalar-tensor theories, where the presence of a scalar field leads to the existence of dipole radiation and a scalar (so-called breathing) polarization mode, in addition to the two standard transverse-traceless modes of GR [6–8]. Vector-tensor theories usually predict the existence of preferred directions and the excitation of vector modes [6], while tensorvector-scalar theories, such as TeVeS [9, 10], predict the existence of all 6 polarization modes and Einstein-Aether theories [11–13] predict the existence of 5 polarization modes . Moreover, bimetric and stratified theories also predict the existence of all 6 polarization modes [6, 14– 16].

Recently, a model-independent framework to test GR was developed: the parameterized post-Einsteinian (ppE) framework [17, 18]. In this scheme, one enhances the GR GW template family through the addition of new theory parameters ⃗θ; when these ppE parameters acquire certain values one recovers GR, while for other values one recovers predictions from modified gravity theories. As a first step, Yunes and Pretorius [17] proposed a simple ppE model that treated the inspiral phase in a post- Newtonian (PN) approximation, where the orbital velocity is much less than the speed of light v/c ≪ 1, and that neglected the direct excitation of additional polarization modes in the GW response function. Such modes were only indirectly accounted for through possible modifications to the orbital binding energy and its rate of change, which were captured through ppE parameters.

In this paper, we relax this assumption and improve the ppE framework to allow for the direct presence of additional polarization modes in the response function. In order to achieve this, we first look at three modified gravity theories that predict the existence of additional polarization modes, namely Brans-Dicke theory [8], Rosen’s bimetric theory [14, 15] and Lightman-Lee theory [16]^1. For each of these theories, we calculate the GW metric perturbation, we extract from this the polarization modes, construct the GW response function and Fourier transform the latter in the stationary-phase approximation (SPA) [21–23].

We then use physical arguments to predict the general functional form of the time-domain response function, assuming all polarization states are present. We begin by noting that the existence of additional modes leads to new terms in the time-domain response function that are proportional to the ℓ = (0, 1, 2) harmonics of the orbital phase. When this is Fourier transformed, however, the ℓ = 0 harmonic does not possess a stationary point, and thus, it is subdominant relative to the ℓ = (1, 2) modes. When Fourier transforming, we allow for a parametric deformation of the Hamiltonian and the radiationreaction force through the addition of relative power-law corrections. As Yunes and Pretorius found [17], powerlaw modifications to the binding energy and energy flux introduce power-law modifications to the Fourier amplitude and phase. The inclusion of additional polarizations introduces a new term that is proportional to the ℓ = 1 harmonic of the orbital phase and that was not included in the original ppE scheme.

With these general arguments and solutions from modified gravity theories at hand, we generalize the ppE framework to allow for the remaining four polarization modes in the response function. Given a single detector, we find that to parameterize only the ℓ = 2 harmonic one requires 4 ppE parameters for the most general case, in agreement with Yunes and Pretorius [17]; if one wishes to include all polarization modes, one needs a total of 9 ppE parameters instead. However, if one restricts attention only to power-law modifications to the Hamiltonian and radiation-reaction force in the generation of GWs, then for single-detectors one needs only 2 ppE parameters to

1 We choose these theories as toy models because substantial work has already been done to analyze their properties [19, 20]. Once similar work is done for other theories, the analysis of this paper can be extended to include them.

parameterize the ℓ = 2 harmonic and 4 ppE parameters to parameterize all polarizations.

Part of our work is similar to a paper by Arun that recently appeared in the literature [24]. In that paper, he first defines the dipolar mode of the GW as the ℓ = 1 harmonic component of the wave. Then, assuming a general functional form for this component and a GR quadrupole plus dipole frequency evolution, he calculates the Fourier transform of the response function. He finds that the Fourier response can be parametrized by 2 parameters: one that measures the amplitude of the dipole mode relative to the leading quadrupole mode; and one that measures the relative strength of dipole emission. The reason that Arun manages to parameterize the waveform with a smaller number of parameter is that he neglects corrections to the conservative part of the dynamics and he restricts attention to dipole emission only. Our paper generalizes his results, allowing for generic deformations in the Hamiltonian and radiation-reaction force, while simultaneously accounting for all polarization modes.

Using a single spherical [25] or truncated icosohedral [26] acoustic detector it is possible to extract and separate [27] the various polarization modes. In contrast, a standard two-arm interferometric detector only provides a single projection of the polarization state, and it takes multiple independent projections from an array of detectors to fully constrain the polarization content. We construct a ppE model that could be used with multiple interferometers by restoring the beam-pattern dependencies of the ppE amplitude. This forces us to break-up the overall amplitude into several terms, each with new ppE theory parameters, thus enlarging the parameter space to 18 theory parameters in the general case and 10 for power-law corrections. With this at hand, we then discuss a new multiple detector strategy to extract the additional polarization modes through the construction of null streams, ie. combinations that isolate specific polarization modes. One such null stream has the property that if GR were right, the stream would be free of gravitational wave energy for any designated sky location. If each detector output is thought of as a vector in signal space, then the construction of null channels reduces to the continuous projection of this signal in directions orthogonal to the 2 GR polarization modes. In general, we find that at least 3 detectors are necessary to constrain additional modes, 4 detectors are necessary to constrain the vector modes and with 6 detectors it is possible to construct streams that are null in every theory of gravity.

The rest of this paper is organized as follows: Section II describes how the gravitational response function is computed in a generic modified gravity theory and summarizes the SPA. Section III discusses Brans- Dicke theory, Rosen’s theory and Lightman-Lee’s theory, computing the response function and its Fourier transform in the SPA for each of them. Section IV calculates the complete waveform for generic deviations in the systems binding energy and balance law. Section V uses the results from the previous sections to construct a generalized ppE framework that allows for the existence of additional polarizations modes. Section VI discusses the construction of null streams for generic waveforms with 6 polarization modes. Section VII concludes and discusses possible future research directions.

We follow here the conventions of Misner, Thorne and Wheeler [28]: Greek letters stand for spacetime time indices, while Latin letters in the middle of the alphabet (i, j, k, . . .) stand for spatial indices only; commas in index lists stand for partial derivatives and semi-colons for covariant derivatives; parentheses and square brackets in index lists stand for symmetrization and anti-symmetrization respectively such as A_{(αβ)} = (1/2)(A_{αβ} + A_{βα}) and A_{[αβ]} = (1/2)(A_{αβ} − A_{βα}); the metric is denoted via g_{μν} with signature (−, +, +, +); the Einstein summation convention and geometric units with G = c = 1 is assumed, unless otherwise specified.

II. FOURIER TRANSFORM OF A GENERIC RESPONSE FUNCTION

In this section, we construct the response function for a generic modified gravity theory, given the GW metric perturbation. We then briefly explain how the SPA to the Fourier transform of this response can be calculated. We conclude the section by showing how the algorithm works in the standard GR limit.

A. Polarizations from the Metric Perturbation

In this subsection, we mainly follow Will [6, 7, 29]. The response function of a detector to a wave with all possible polarizations is

h(t) = F_+h^+ +F_×h^× +F_{se}h^{se} +F_{sn} h^{sn} +F_bh^b +F_Lh^L , (1)

where F_· are angular pattern functions and h^· are waveform polarizations. The former are given by [29]

F_+ = 1 2 (1 + cos^2 θ) cos 2ψ cos 2ϕ − cos θ sin 2ψ sin 2ϕ , (2) F_× = 1 2 (1 + cos^2 θ) sin 2ψ cos 2ϕ + cos θ cos 2ψ sin 2ϕ , (3) F_{sn} = − sin θ(cos θ cos 2ϕ cos ψ − sin 2ϕ sin ψ) , (4) F_{se} = − sin θ(cos θ cos 2ϕ sin ψ + sin 2ϕ cos ψ) , (5)

F_b = − 1 2 cos 2ϕ sin^2 θ , (6)

F_L = 1 2 cos 2ϕ sin^2 θ . (7)

The waveform polarizations can be computed from the contraction of certain basis vectors (e^+_{ij} , e^×_{ij} , e^x_i , e^y_i ) (see e.g. [29, 30] noting that in [29] (e^x_i , e^y_i ), ie. the basis vectors orthogonal to N̂^i, the unit vector pointing from the source to the detector, are denoted as (θ̂_i, ϕ̂_i)) with the waveform amplitudes A_·, namely

h^b = A_b , h^L = A_L , (8a)

h^{sn} = e^x_i A^i_V , h^{se} = e^y_i A^i_V , (8b)

h^+ = e^+_{ij} A^{ij}_{TT} , h^× = e^×_{ij} A^{ij}_{TT} . (8c)

In these equations, A_b is the amplitude of the scalar breathing mode, A_L is the amplitude of the scalar longitudinal mode, A^k_V are the amplitudes of the vectorial modes and A^{ij}_{TT} are the amplitudes of the transverse-traceless modes.

The usual way to find the waveform amplitudes A_· is to compute the linearized Riemann tensor evaluated with the trace-reversed metric perturbation [28, 29]. A more straightforward way to accomplish the same result, however, is to construct operators that act on the trace-reversed metric perturbation directly and return the waveform amplitudes. In terms of these, the amplitudes are given by

A_b = 1 2 (N̂_jN̂_kh̄^{jk} − h̄^{00}) , (9a)

A_L = N̂_jN̂_kh̄^{jk} + h̄^{00} − 2N̂_jh̄^{0j} , (9b)

A^k_V = P^k_j (N̂_ih̄^{ij} − h̄^{0j} ) , (9c)

A^{ij}_{TT} = P^i_mP^j_l h̄^{ml} − 1 2 P^{ij} P_{ml}h̄^{ml} , (9d)

where P_{ij} = δ_{ij} − N̂_iN̂_j is a projection operator orthogonal to N̂^i, a unit vector pointing from the source to the detector, while h̄^{μν} is the trace-reversed metric perturbation and δ^{ij} is the Kronecker delta.

One might wonder whether we can reconstruct the full metric perturbation from the GW polarization modes in Eq. (9). Notice, though, that Eq. (9) contains only 6 degrees of freedom (1 in A_b, 1 in A_L , 2 in A^k_V because it is transverse and 2 in A^{ij}_{TT} because it is transverse and traceless), while the full metric perturbation generically contains 10 degrees of freedom. Thus, for the inversion to be unique one must make a gauge choice, such as a pure traceless (yet not fully transverse) gauge. Doing so, the metric perturbation can be written as

h̄^{00} = 0 ,

h̄^{0i} = N̂ i D ( A_b − 1 2 A_L ) , h̄^{ij} = 3A^b D ( N̂^iN̂^j − 1 3 δ^{ij} ) + 2N̂^{(i}A^{j)}_V D + A^{TT}_{ij} D . (10)

Of course, such a metric reconstruction is unnecessary for our purposes because the observable is the response function and we can project out the relevant degrees of freedom (those in Eq. (9)) without making any gauge choice.

B. Stationary Phase Approximation

In GW data analysis, one often works with the Fourier transform of the response function, which can be obtained analytically in the SPA [21–23]. We here briefly review this method. The goal of the SPA is to compute the generalized Fourier integral

h̃(f) = ∫ h(t)e^{2πif t}dt , (11) assuming that the response function h(t) is composed of a slowly varying amplitude A(t) and a rapidly varying phase ℓΦ(t), namely h(t) = A(t) ( e^{iℓΦ(t)} + e^{−iℓΦ(t)} ) , (12)

with ℓ > 0 the harmonic number and Φ(t) the orbital phase.

Equation (11) can be rewritten using Eq. (12) as

h̃(f) = ∫ A(t) [ e^{2πif t+iℓΦ(t)} + e^{2πif t−iℓΦ(t)} ] dt . (13) The first term in square brackets does not have a stationary point, ie. a value of t for which the derivative of the argument of the exponential vanishes, 2πf + ℓdΦ/dt = 0. Terms without a stationary point contribute subdominantly to the generalized Fourier integral, and thus, they can be neglected by the Riemann-Lebesgue Lemma [21]. The second term in Eq. (13) does have a stationary point, which after Taylor expanding occurs when the derivative of the argument in the exponential vanishes, ie. F (t_0) = f/ℓ, where F (t) = Φ̇/(2π) is the orbital angular frequency.

With this at hand, the SPA of h̃(f) is [23]

h̃(f) = A(t^0) √ ℓḞ (t_0) e^{−iΨ} , (14)

where the phase GW Ψ is given by

Ψ[F (t_0)] = 2π

∫_{F (t0 )} ( ℓ F^′ Ḟ ′ − f Ḟ ′ ) dF^′ + π 4 . (15)

In the rest of this paper, we will use these expressions to find an analytic representation of the Fourier transform of the response function in different modified gravity theories.

As we will see in Sec. III, the time-domain response function in a generic modified gravity theory will contain terms proportional to the ℓ^{th} harmonic of the orbital phase, as shown in Eq. (12). Terms in the Fourier transform of the response function proportional to the ℓ = 0 harmonic are of the form ∫_∞ −∞ F^{2/3}e^{2πif t}dt ∼ ∫_∞ −∞ e^{2πif t} t^n dt , (16) where the power n depends on how the frequency evolves. Such an integral vanishes for 0 < n < 1 when the limits of integration are ±∞, because, as the complex exponential oscillates, contributions from subsequent intervals cancel out. Indeed, to first order we keep only the leading quadrupole emission for which n = 1/4. Therefore, we see that the ℓ = 0 harmonic of the orbital phase in the response function will contribute subdominantly to the SPA of the Fourier response.

C. General Relativity Limit

As an illustrative example, let us apply the above formalism to the trace-reversed metric perturbation in GR. The trace-reversed metric perturbation for a two-body, quasi-circular orbit is given, to leading-order in the PN expansion, by (see e.g. [31])

h̄^{ij} = 2 D Q^{ij} , (17)

where the quadrupole moment is Q^{ij} = 2μ m r (v̂^iv̂^j − x̂^ix̂^j ) , (18)

μ is the reduced mass, m is the total mass, D is the distance to the source, r is the orbital separation and (x̂^i, v̂^i) are orbital trajectory and orbital velocity unit vectors.

In order to explicitly calculate the waveform amplitudes via Eq. (9) we must first express (x̂^i, v̂^i) in the source system (î^i, ĵ^i, k̂^i)

x̂^i = cos Φ î^i + sin Φ ĵ^i , (19)

v̂^i = − sin Φ î^i + cos Φ ĵ^i . (20)

Choosing the coordinate system so that the vector from the source to the observer is on the y-z plane the vectors (N̂^i, e^x_i , e^y_i ) and the polarization tensors e^+_{ij} , e^×_{ij} are

N̂^i = sin ι ĵ^i + cos ι k̂^i , (21)

e^x_i = −î^i , (22)

e^y_i = cos ι ĵ^i − sin ι k̂^i , (23)

e^+_{ij} = 1 2 (e^y_i e^y_j − e^x_i e^x_j ) , (24) e^×_{ij} = 1 2 (e^x_i e^y_j + e^y_i e^x_j ) , (25)

where we recall that Φ is the orbital phase and ι is the inclination angle. Applying the operators in Eq. (9), we obtain

A^{ij}_{TT} = ^TT[h̄^{ij} ] , (26)

where ^TT[·] is the transverse-traceless projection operator, and all other amplitudes are zero. We have here imposed the Lorenz gauge condition h̄^{μν}_{,ν} = 0, which can be rewritten as h̄^{μ0}_{,0} = N̂_jh̄^{μj}_{,0} and h̄^{00}_{,0} = N̂_jN̂_kh̄jk_{,0} [6, 7].

Once we have the amplitudes, we can compute the waveform polarization modes from Eq. (8) to obtain

h^+ = − 2μm Dr cos 2Φ(1 + cos^2 ι) , (27)

h^× = − 4μm Dr sin 2Φ cos ι , (28)

and all other modes vanish. From Eq. (1), the response is then simply

h^{GR} (t) = A_{GR} M D (2πMF )^{2/3}e^{−i2Φ} + c.c. , (29)

where

A_{GR} ≡ −F_+(1 + cos^2 ι) − 2iF_× cos ι , (30)

2Φ is the GW phase and M = η^{3/5}m is the chirp mass, with η = m_1m_2/m^2 the symmetric mass ratio. We have here used Kepler’s third law to simplify the final result, neglecting subdominant terms in the PN approximation.

The SPA of the Fourier transform of this response function can be computed following Sec. II B. Using the balance law to relate the rate of change of binding energy to the GW luminosity, we can calculate the frequency evolution, which to leading-order in the PN expansion is given by dF dt = 48 5πM^2 (2πMF )^{11/3} [ 1 + O(u^2) ] . (31)

With this in hand, we can now compute the well-known (restricted, ie. leading-order in the amplitude) Fourier transform of the response function in the SPA, namely

h̃^{GR}(f) = ( 5π 96 )_{1/2} A_{GR}

M^2 D (πMf)^{−7/6} e^{−iΨ(2)GR} , (32)

where we have also introduced for future convenience

Ψ^{(ℓ)}_{GR} = −2πft_c+ℓΦ_c+ π 4 − 3ℓ 256u^5_ℓ 7∑ n=0 u^{n/3}_ℓ (c^{PN}_n + l^{PN}_n ln u) ,

(33) although only the ℓ = 2 harmonic enters the GR waveform. Here, (c^{PN}_n , l^{PN}_n ) are known PN coefficients that can be read for example from Eq. (3.18) in [32], and we have defined the reduced ℓ-harmonic frequency

u_ℓ = ( 2πMf ℓ )_{1/3} , (34)

such that u_2 = (πMf)^{1/3}, with f the GW frequency.

Up until now, we have concentrate on the restricted PN approximation, but later on it will be important to determine whether modified gravity corrections to the

Fourier amplitude are degenerate with PN amplitude corrections in GR. Amplitude corrections arise because the PN waveform contains an infinite number of higher harmonics, as one can see e.g. in Eq. (238) of [31]. Therefore, the Fourier transform of such a waveform leads also to a sum of ℓ harmonic terms. The dominant one is the ℓ = 2 mode, which was already described above in Eq. (32). The next order terms are the ℓ = 1 and ℓ = 3 harmonics, which scale as [33]

h̃^{ℓ=1}_{GR} = ( 5π 96 )_{1/2} A^{(1)}_{GR}

M^2 D η^{−1/5} (πMf)^{−5/6} e^{−iΨ(1)GR} ,

(35)

h̃^{ℓ=3}_{GR} = ( 5π 96 )_{1/2} A^{(3)}_{GR}

M^2 D η^{−1/5} (πMf)^{−5/6} e^{−iΨ(3)GR} ,

(36)

where A^{(1,3)}_{GR} are amplitude factors that depend on different combinations of the inclination and polarization angles. The key point here is that these terms enter at 1PN order higher in the amplitude relative to the dominant ℓ = 2 mode, as can be established by looking at its f^{−5/6} frequency dependence.

III. MODIFIED GRAVITY THEORIES

A. Brans-Dicke Theory

Brans Dicke theory [8] is defined by the gravitational action (in Jordan frame)

S_{BD} = 1 16π ∫ d^4x √ −g[ϕR − ω_{BD} ϕ ϕ^{,μ}ϕ_{,μ} − ϕ^2V ] , (37)

where g is the determinant of the metric g_{μν} , R is the Ricci scalar, ϕ is a dynamical scalar field, V is a potential for the scalar field and ω_{BD} is a coupling constant. Usually, one sets the potential to zero, unless one is considering massive Brans-Dicke theory [34]. Such a theory is a subset of scalar-tensor theories, where the coupling constant ω(ϕ) = ω_{BD} = const. Variation of this action with respect to the metric and the scalar field leads to the modified field equations of the theory. Linearizing these field equations about a flat background η_{μν} , one can obtain evolution equations for h_{μν} . We refer the interested reader to [20, 35] for further details.

In Brans-Dicke theory, it is convenient to define the trace-reversed metric perturbation in terms of two other fields, a covariantly conserved tensor θ^{μν} and the scalar field ϕ, to obtain

h̄^{μν} = θ^{μν} + ϕ ϕ_0 η^{μν} , (38)

where ϕ_0 is the asymptotic value of the scalar field at spatial infinity. The linearized field equations prescribe the evolution of both ϕ and θ^{μν} , whose solution in the PN approximation is θ^{ij} = 4μ D ( 1 − 1 2 ξ ) Gm r (v̂^iv̂^j − x̂^ix̂^j ) , (39) ϕ ϕ_0 = − 4μ D S̄ , (40)

where we have defined

S̄ = − 1 4 ξ { ΓGm r [(N̂ · v̂)^2 − (N̂ · x̂)^2]

−(GΓ + 2Λ) m r − 2S ( Gm r )_{1/2} ( N̂ · v̂ )} . (41)

In these equations, we have also defined ξ = (2 + ω_{BD})^{−1} ∼ ω^{−1}_{BD} for ω_{BD} ≫ 1, G = 1 − ξ(s_1 + s_2 − 2s_1s_2), S = s_1 − s_2, where s_A is the sensitivity of the Ath object, as defined in Brans Dicke theory, Γ = 1 − 2(m_1s_2 + m_2s_1)/m and Λ = 1 − s_1 − s_2 + O(ξ). Clearly, Brans- Dicke theory reduces to GR in the ω_{BD} → ∞ (or ξ → 0) limit.

With this at hand, we can now compute the polarization modes as in Sec. II A. Using the Lorenz gauge condition from [19] θ^{μν}_{,ν} = 0^2, the waveform amplitudes are A_b = ϕ ϕ_0

, A^{ij}_{TT} = ^TT[θ^{ij} ] , (42)

where the longitudinal and vectorial modes vanish. The polarization modes are then

h^b = −4μS̄ D , (43)

h^+ = − ( 1 − 1 2 ξ ) 2Gμm Dr cos 2Φ(1 + cos^2 ι) , (44)

h^× = − ( 1 − 1 2 ξ ) 4Gμm Dr sin 2Φ cos ι , (45)

where again the longitudinal and vectorial modes vanish.

Putting all pieces together and simplifying expressions through the leading PN order expression for Kepler’s third law 2πF = ( Gm r^3 )_{1/2} , (46)

we find

h^{BD}(t) = A_{BD} M D (2πMF )^{2/3}e^{−i2Φ} + B_{BD}η^{1/5} M D (2πMF )^{1/3}e^{−iΦ} + C_{BD} M D (2πMF )^{2/3} + c.c. , (47)

2 The evolution equation for θ is □θ^{μν} = −16πτ^{μν} , where τ^{μν} is a complicated extension of the Landau-Lifshitz pseudo-tensor. One can easily verify that this differential equation preserves the Lorenz gauge condition.

where c.c. stands for the complex conjugate and where we have kept terms only linear in ξ. In these equations, we have also defined

A_{BD} = −F_+(1 + cos^2 ι) − 2iF_× cos ι + ξ [ k_{BD}F_+(1 + cos^2 ι) + 2i k_{BD}F_× cos ι + F_b Γ 2 sin^2 ι ] , ≡ A_{GR} + ξA_{BD,1} , (48) B_{BD} = ξ (−F_b S sin ι) = ξB_{BD,1} , (49)

C_{BD} = ξ [ − F_b 2 (Γ + 2Λ) ] , (50)

and k_{BD} = (1/2) + (2/3)(s_1 + s_2 − 2s_1s_2).

The Fourier integral of Eq. (47) can be easily calculated with the SPA, but this requires use of the orbital frequency evolution. The rate of change of the binding energy is determined by both dipole and quadrupole radiation, and to first order in ξ and to leading-order in the PN approximation, it is calculated in [19] dE dt = − 8 15 μ^2m^2

r^4 [ 12G^2 ( 1 − 1 2 ξ + 1 12 ξΓ^2 ) v^2 + 5 4 G^2ξS^2 ] . (51) When this is combined with the binding energy E = −Gmμ/r and Eq. (46), one obtains the orbital frequency evolution dF dt = 48 5πM^2 (2πMF )^{11/3} + S^2η^{2/5} πM^2 ξ (2πMF )^3 + 48 5πM^2 ξ (2πMF )^{11/3} ( 1 12 Γ^2 − k_{BD} ) , (52)

where recall that G ≠ 1 as given below Eq. (41).

The total Fourier-transformed waveform in Brans- Dicke theory is then simply

h̃_{BD}(f) = h̃^{(1)}_{BD} (f) + h̃^{(2)}_{BD} (f) , (53)

where the Fourier transform of the first term in Eq. (47) is h̃^{(2)}_{BD} = √ 5π 96 M^2 D A_{BD} [ 1 − ξ ( Γ^2 24 − k_{BD} 2 )] (πMf)^{−7/6}e^{−iΨ(2)BD} − ξ ( 5 96 )_{3/2} π^{1/2}A_{BD}S^2

M^2 D η^{2/5} (πMf)^{−11/6} e^{−iΨ(2)BD} ,

(54)

and that of the second term is

h̃^{(1)}_{BD} (f) = ξB_{BD,1} ( 5π 384 )_{1/2} M^2 D η^{1/5} (πMf)^{−3/2} e^{−iΨ(1)BD} . (55) We have here assumed that the second and third terms in Eq. (52) are much smaller than the first term, ie. that Brans-Dicke theories introduces a small deformation away from GR. We have also here defined the ℓ^{th}-harmonic Brans-Dicke Fourier phase

Ψ^{(ℓ)}_{BD} = Ψ^{(ℓ)}_{GR} + δΨ^{(ℓ)}_{BD} , where

δΨ^{(ℓ)}_{BD} = + 5ℓ 7168 ξS^2η^{2/5}u^{−7}_ℓ , (56)

with Ψ^{(ℓ)}_{GR} given in Eq. (33) (see also Eq. (124)) and u_ℓ given by Eq. (34). Notice that the second term in Eq. (54) is of −1PN order relative to the first one, a typical signature of dipole radiation. Such an amplitude correction is usually neglected, because GW interferometers are much more sensitive to the phase evolution. Of course, not all corrections to the amplitude and the phase will be measurable, and some of them can be degenerate with other system parameters, such as the luminosity distance or the chirp mass. Such issues will be discussed further in Sec. V.

B. Rosen’s Theory

Rosen’s is an example of a bimetric theory [14, 15]: a theory with a dynamical tensor gravitational field and a flat, non-dynamical metric, or prior geometry. Rosen’s theory is defined by the gravitational action [6, 14, 15]

S_R = 1 32πG ∫ d^4x √ −ηη^{μν} g^{αβ}g^{γδ} ¯∇_μg_{α[γ} ¯∇_{|ν|}g_{β]δ} , (57) where η is the determinant of the flat, non-dynamical metric η_{μν} and the ¯∇_μ operator stands for a covariant derivative with respect to η_{μν} . Although the field equations in this theory are quite different from Einstein’s, it has a standard parametrized post-Newtonian (ppN) limit, with only the α_2 ppN parameter different from its GR value. This parameter, however, has been constrained to be less than 4 × 10^{−7} through observations of solar alignment with the ecliptic plane [6, 7].

Rosen’s theory is of class II_6 in the E(2) classification [6, 7], and thus, not all six polarization modes are observer-independent. In theories of this class, all observers agree on the magnitude of the longitudinal mode, but they disagree on the presence or absence of all other modes. This, however, does not mean that the other modes are not real or that they do not carry energy. It only implies that a spin-decomposition of the GWs is not invariant. Such frame dependence is irrelevant for our purposes, since the detector will be in a given frame, and thus, it will measure a certain number of polarization modes. See [6, 7] for more details on this theory.

The lack of definite helicity in Rosen’s theory is connected to the lack of positive definiteness in the sign of the emitted energy [36]. That is, for certain systems, Rosen’s theory predicts dipolar radiation that pumps energy into the system, leading to a total energy flux that is positive, instead of negative as in GR. In turn, this for example leads to an increase in the orbital period of binary pulsars with time [36–38]. Since binary pulsar observations are consistent with GR, Rosen’s theory is today less appealing than in the 1970s. We here study it, not because we think of it as a particularly good candidate to replace Einstein’s theory, but as a toy model to determine how the GW response function is modified in theories that allow for the existence of all gravitational polarization modes [6, 7].

The variation of the action and the linearization of the resulting field equations give the evolution of the tracereversed metric perturbation [19, 37], which can be solved to find

h̄^{00} = 4μ D { m r [(N̂ · v̂)^2 − 1 − (N̂ · x̂)^2] + (m r )_{1/2} G ( N̂ · v̂ )} , (58)

h̄^{0j} = 4μ D { v^j m r (N̂ · v̂) − x^j m r ( N̂ · x̂ ) + 2 3 ( m r )_{1/2} Gv^j } , (59)

h̄^{ij} = 4μ D { m r v^iv^j − 1 3 (m r )_{1/2} G(N̂ · v̂)δ^{ij} } , (60)

where G is the difference in the self-gravitational binding energy per unit mass of the binary components: G = s_1/m_1 − s_2/m_2. Due to the specific characteristics of the theory, one cannot find a particular gauge to simplify the above equations.

With this in hand, we can now compute the polarizations modes and the response function. Following the steps laid out in Sec. II A, we find

h^b = 2μ D [ m r sin^2 ι sin^2 Φ + m r − 4 3 (m r )_{1/2} G sin ι cos Φ ] , h^L = 4μ D [ m r sin^2 ι sin^2 Φ − m r − 2 3 (m r )_{1/2} G sin ι cos Φ ] , h^{sn} = 4μ D [ − m r cos Φ sin Φ sin ι − 2 3 ( m r )_{1/2} G sin Φ ] , h^{se} = 4μ D [ m r sin^2 Φ sin ι cos ι − 2 3 (m r )_{1/2} G cos Φ sin ι ] , h^+ = 2μm Dr (sin^2 Φ − cos^2 ι cos^2 Φ) ,

h^× = − 2μm Dr sin 2Φ cos ι . (61)

Using the modified Kepler’s law 2πF = ( k_R m r^3 )_{1/2} , (62)

where k_R = 1 − 4s_1s_2/3, the time-domain response function is

h^R(t) = A_R M D (2πMF )^{2/3}e^{−2iΦ} + B_R M D η^{1/5}(2πMF )^{1/3}e^{−iΦ}

+ C_R M D (2πMF )^{2/3} + c.c. , (63) where we recall that c.c. stands for complex conjugate and where (A_R, B_R , C_R) are functions of the angles:

A_R = ( −F_+ 1 + cos^2 ι 2 − F_×i cos ι − F_b sin^2 ι 2 −F_L sin^2 ι − F_{sn}i sin ι − F_{se} sin 2ι 2 ) k^{−1/3}_R , (64)

B_R = ( −F_b 4 3 G sin ι − F_L 4 3 G sin ι −F_{sn} 4 3 iG − F_{se} 4 3 G cos ι ) k^{−1/6}_R , (65)

C_R = [ F_+ sin^2 ι 2 + F_b (1 + sin^2 ι 2 ) + F_{se} sin 2ι 2 −F_L (1 + cos^2 ι) ] k^{−1/3}_R . (66) Notice that in the G → 0 limit, one does not recover GR, as described for example in [19, 37].

Before we can calculate the Fourier transform of the response function in the SPA for Rosen’s theory, we must first calculate the orbital frequency evolution. The energy evolution of the binary orbit due to GW emission is (to leading-order in the PN approximation and in G) given in [19] dE dt = 84 15 μ^2m^2

r^4 v^2 + 20 9 μ^2m^2G^2 r^4

, (67)

and this leads to the orbital frequency evolution dF dt = − 42k^{−5/6}_R 5πM^2 (2πMF )^{11/3}−

10k^{−9/6}_R 3πM^2 G^2η^{2/5}(2πMF )^3 . (68) where the binding energy is not modified.

We can now calculate the Fourier transform in the SPA:

h̃_R (f) = h̃^{(1)}_R (f) + h̃^{(2)}_R (f) , (69)

where the transform of the first term in Eq. (63) is

h̃^{(2)}_R (f) = A_Rk^{−5/12}_R i √ 5π 84 M^2 D (πMf)^{−7/6}e^{−iΨ(2)R} , (70)

and that of the second term is

h̃^{(1)}_R (f) = B_Rk^{−5/12}_R i √ 5π 336 η^{1/5} M^2 D (πMf)^{−3/2}e^{−iΨ(1)R} . (71) We have here assumed that G ≪ 1 and kept terms only to leading-order both in G and in the PN approximation. We have also here defined the ℓ-harmonic Rosen Fourier phase

Ψ^{(ℓ)}_R = π 4 + ℓΦ_c − 2πft_c + 3ℓ 224u^5_ℓ k^{−5/6}_R + 25ℓ 8232 k^{−2/3}_R G^2η^{2/5}

u^7_ℓ

, (72)

where u_ℓ is given in Eq. (34). As before, some modifications are degenerate with system parameters, as we will see in Sec. V.

C. Lightman-Lee Theory

Lightman-Lee theory [16] is a bimetric theory of gravity, similar to Rosen’s. This theory is controlled by the metric g_{μν} , a dynamical gravitational tensor B_{μν} that is connected to g_{μν} and a flat, non-dynamical background metric [6]. The theory is defined by the gravitational action

S_{LL} = − 1 16π ∫ d^4x √ −η̄ ( 1 4 B^{μν|α}B_{μν|α} − 5 64 B_{,α}B^{,α} ) , (73) where η̄ is the trace of the background metric η̄_{μν} (not to be confused with the symmetric mass ratio η introduced earlier). The spacetime metric is connected to the tensor B_{μν} via g_{μν} = ( 1 − 1 16 B )_2

Δ_μ^αΔ_{αν} , (74)

δ^μ_ν = Δ^α_ν ( δ_α^μ − 1 2 h_α^μ ) , (75)

which can be expanded for weak gravitational fields as g_{μν} = η_{μν} + h_{μν} with h_{μν} = B_{μν} − Bη_{μν} /8. We refer the reader to [6, 7] for more details on this theory.

This theory is part of a wider class (sometimes called BSLL) of theories that are semi-conservative. In the particular case of Lightman-Lee theory, there are no preferred frame-effects and the ppN parameters reduce identically to those of GR [6]. This theory, however, is also of class II_6 in the E(2) classification, just like Rosen’s theory. As before, this implies the lack of definite helicity polarization states and the prediction of the existence of all polarization modes [36]. As in Rosen’s theory, lack of helicity seems to lead to a lack of positive definiteness in the energy flux, which is in contradiction with binary pulsars [36, 38]. Nonetheless, as in the case of Rosen’s theory, we here take Lightman-Lee’s as a toy model that allows us to see how the response function is modified in theories that predict all possible GW polarizations.

The trace reversed metric perturbation is given in terms of B_{μν} by h̄_{μν} = B_{μν} −^3_8 Bη_{μν} . Using B as given in [19], we find that

h̄^{00} = μ D [ m r [2v^2 + 2(N̂ · v̂)^2 − 10 − 2(N̂ · x̂)^2]

+ 10 (m r )_{1/2} GN̂ · v̂ ] , (76)

h̄^{0j} = 4μ D [ m r v^j (N̂ · v̂) − x^j m r N̂ · x̂ + 5 3 ( m r )_{1/2} Gv^j ] , (77) h̄^{ij} = μ D ( {4v^iv^j − [2v^2 − 2(N̂ · v̂)^2 + 2 + 2(N̂ · x̂)^2]δ^{ij} } × m r − 10 3 (m r )_{1/2} G(N̂ · v̂)δ^{ij} ) . (78)

As in the case of Rosen’s theory, one cannot choose a particular gauge to simplify expressions. We can then extract the polarization modes as explained in Sec. II A to obtain

h^b = μ 2D [ 4 m r sin^2 ι cos^2 Φ − 4 m r sin^2 ι sin^2 Φ + 4 m r − 50 3 ( m r )_{1/2} G sin ι cos Φ ] , h^L = μ D [ 4 m r sin^2 ι sin^2 Φ − 12 m r − 20 3 ( m r )_{1/2} G sin ι cos Φ ] , h^{sn} = μ D [ −4 m r cos Φ sin Φ sin ι + 20 3 (m r )_{1/2} G sin Φ ] , h^{se} = μ D [ 4 m r sin^2 Φ sin ι cos ι + 20 3 (m r )_{1/2} G cos Φ sin ι ] , h^+ = 2μm Dr (sin^2 Φ − cos^2 ι cos^2 Φ) ,

h^× = − 2μm Dr sin 2Φ cos ι .

With these modes, we can construct the response function to find

h^{LL} (t) = A_{LL} M(2πMF )^{2/3} D e^{−2iΦ} + B_{LL} (2πMF )^{1/3} D μ^{1/2}M^{1/2}e^{−iΦ}

+ C_{LL} M(2πMF )^{2/3} D + c.c. , (79)

where

A_{LL} = −F_+

1 + cos^2 ι 2 − F_×i cos ι + 3 2 F_b sin^2 ι

− F_L sin^2 ι − F_{sn} i sin ι − F_{se} sin 2ι 2 , (80)

B_{LL} = −F_b 25 6 G sin ι − F_L 10 3 G sin ι

+ F_{sn} 10 3 iG + F_{se} 10 3 G cos ι , (81)

C_{LL} = F_+ sin^2 ι 2 + F_b ( 1 − sin^2 ι 2 )

+ F_{se} sin 2ι 2 − F_L (3 + cos^2 ι) . (82)

In the derivation of the above equations we have used Kepler’s law for this theory, which is identical to that of GR. Before we can compute the Fourier transform of this response function in the SPA, we must first find the orbital frequency evolution equation. The energy evolution of the binary’s orbit is prescribed (to leading-order in the PN approximation and to leading-order in G) by [19] dE dt = 84 15 μ^2m^3

r^5 + 125 9 μ^2m^2G^2

r^4

. (83)

Then, the orbital frequency evolution equation is simply dF dt = − 42 5πM^2 (2πMF )^{11/3} − 125 6πM^2 G^2η^{2/5}(2πMF )^3 . (84) The SPA of the Fourier transform of the response function is

h̃_{LL} (f) = h̃^{(1)}_{LL} (f) + h̃^{(2)}_{LL} (f) , (85)

where the Fourier transform of the first term in Eq. (79) is h̃^{(2)}_{LL} (f) = A_{LL} i √ 5π 84 M^2 D (πMf)^{−7/6}e^{−iΨ(2)LL} , (86)

and that of the second term is

h̃^{(1)}_{LL} (f) = B_{LL} i √ 5π 336 η^{1/5} M^2 D (πMf)^{−3/2}e^{−iΨ(1)LL} . (87)

As before, we have here kept terms to leading-order in the PN approximation and in G. We have also defined the ℓ^{th}-harmonic Lightman-Lee Fourier phase

Ψ^{(ℓ)}_{LL} = π 4 + ℓΦ_c − 2πft_c + 3ℓ 224u^5_ℓ − 625ℓ 16464

G^2η^{2/5} u^7_ℓ

, (88)

where we recall that u_ℓ is given in Eq. (34). As in the case of Rosen’s theory, note that Lightman-Lee theory does not have a well-defined GR limit, ie. h̃_L (f) ↛ h̃_{GR}(f) as G → 0. Also note that some modifications are degenerate with system parameters, as we will see in Sec. V.

IV. DECONSTRUCTION OF INSPIRAL WAVEFORM GENERATION

With the information gathered so far, let us try to understand how the Fourier transform of the response function is constructed, allowing for possible modifications in the generation of GWs. The response function is clearly a sum of different terms in a harmonic decomposition, where the ℓ^{th} term is h^{(ℓ)}(t) = Q(ι, θ, ϕ, ψ) η^{2/5} M D v^ℓe^{−iℓΦ} , (89)

and where Q(ι, θ, ϕ, ψ) is a function of the inclination angle ι and possibly all the beam-pattern functions, which depend on the position of the source in the sky, parameterized by the angles (θ, ϕ) and the polarization angle ψ. The ℓ = 0 harmonic does not satisfy this scaling, but as we have discussed in the previous sections, this mode contributes only subdominantly to the Fourier transform, and thus, it will be neglected henceforth.

Let us now argue by symmetry and dimensional reasoning that the functional form in Eq. (89) is unavoidable for the ℓth harmonic. If one is to have a spacetime that is asymptotically flat, then the metric perturbation must scale as D^{−1} to leading order. This quantity, however, has dimensions of inverse length, and thus, it must be accompanied by a quantity with dimensions of length. One could use m_1, m_2 or a combination like the reduced mass μ. But since we must have that in the limit m_1 → 0 or m_2 → 0, then h → 0, one cannot normalize D with m_1 or m_2, or for the same reason with δm = m_1 − m_2. Thus, the only dimension-1 quantity available for a nonspinning binary is μ, which preserves exchange symmetry and leads to a factor of η^{2/5}M in the numerator of Eq. (89). Also, since we will require that any modified gravity theory has a well-defined continuous GR limit in the weak field, we must disallow any other arbitrary η^d dependence. Finally, a term that scales with the ℓ^{th} harmonic of the orbital phase must be proportional to the velocity to the ℓ^{th}power.

We should note that in principle Eq. (89) should be multiplied by an infinity series in velocity of the form ∑ n=0 (a_{ℓ,n} + b_{ℓ,n} ln v) v^n to account for higher-order PN corrections. In GR, one finds that for the ℓ = 1 mode, a_{1,0} = 0 = b_{1,0} and a_{1,1} = 0 = b_{1,1}, and thus the series starts at 1PN order with a_{1,2} ≠ 0 = b_{1,2}. In modified gravity theories, however, this suppression of the ℓ = 1 mode need not be present. In fact, in theories with a scalar breathing mode, one finds that an ℓ = 1 mode is usually excited at leading Newtonian order. This his why we have not included the series dependence in Eq. (89).

Given this generic time-domain response function, we wish to compute the Fourier transform in the SPA. For this, we need both the binding energy and the rate of change of this energy. The former can be parameterized as follows

E = E_{GR} [ 1 + A (m r )_p] , (90)

where we assume A is small, such that the correction represents a small deformation away from GR. Such a binding energy modifies Kepler’s third law as

ω^2 = m r^3 [ 1 + 1 2 Ap (m r )_p] , (91)

or in terms of its inverse r = ( m ω^2

)_{1/3} [ 1 + 1 6 Ap (mω)^{2p/3} ] . (92)

Using v ≡ rω, the Virial theorem is then modified to

v = (mω)^{1/3} [ 1 + 1 6 Ap (mω)^{2p/3} ] . (93)

Thus, the binding energy to leading PN order becomes E = − 1 2 η^{−2/5} (2πMF )^{2/3} [1 − 1 3 A (5p − 6) η^{−2p/5} (2πMF )^{2p/3} ] , (94) and the response function is h^{(ℓ)}(t) = Q(ι, θ, ϕ, ψ) η^{(2−ℓ)/5} M D (2πMF )^{ℓ/3} e^{−iℓΦ} × [ 1 + 1 6 A p ℓ η^{−2p/5} (2πMF )^{2p/3} ] . (95)

We see that this agrees with the GR and the Brans-Dicke results for the time-domain response function, when written in terms of the orbital frequency.

The next ingredient we need is the rate of change of the binding energy. To model this one usually invokes the balance law, by which the rate of change of the binding energy must be exactly balanced by the energy flux carried away from the system (out to spatial infinity or into event horizons) by propagating degrees of freedom. Assuming that the metric perturbation accepts a multipolar decomposition, the energy flux is going to be the sum of the square of the (ℓ + 1) time-derivative of the ℓ^{th} multipole. Let us assume a modification to the rate of change of the binding energy of the form

Ė = Ė_{GR} [ 1 + B (m r )_q] , (96)

where Ė_{GR} is the GR energy flux and the second term is assumed small relative to the first, as we are interested in small deformations away from GR. Using the modified Kepler’s law, we can rewrite this as

Ė = − 32 5 (2πMF )^{10/3} [ 1 + Bη^{−2q/5} (2πMF )^{2q/3} − 1 3 A p η^{−2p/5} (2πMF )^{2p/3} ] . (97)

We see here that there are two modifications to Ė: one coming from the modification to the Kepler law acting on Ė_{GR} and one coming directly from the modification to Ė with the GR expression for Kepler’s law. The values of p and q determine which of these two modifications dominates. We have here neglected the non-linear term generated by the product of terms proportional to A and B. We now have all the ingredients to compute the Fourier transform of h^{(ℓ)} in the SPA. For this, it is convenient to first compute the rate of change of the orbital frequency via the chain rule: dF dt = 48 5πM^2 (2πMF )^{11/3} [1 + Bη^{−2q/5} (2πMF )^{2q/3} + 1 3 A ( 5p^2 − 2p − 6 ) η^{−2p/5} (2πMF )^{2p/3} ] , (98)

where again we have kept terms to leading-order in the PN approximation and in the deformation parameters. The Fourier transform of the response function in the

SPA is then

h̃^{(ℓ)} = √ 5π 48ℓ Q M^2 D η^{(2−ℓ)/5}u^{(2ℓ−11)/2} ℓ e^{−iΨ(ℓ)} × [ 1 − 1 2 Bη^{−2q/5}u^{2q}_ℓ + 1 6 A ( ℓp + 6 + 2p − 5p^2 ) η^{−2p/5} u^{2p}_ℓ ] , (99)

where u_ℓ was defined in Eq. (34). We see then that the modification to the energy flux introduces corrections to the amplitude of qPN order, while the modification to the binding energy introduces corrections of pPN order.

This calculation shows explicitly that the leading-order amplitude correction induced by an ℓ = 1 mode will not be degenerate with PN amplitude corrections since the former enters at Newtonian order. That is, the ℓ = 1 amplitude correction in Eq. (99) is proportional to u^{−9/2}_1 , which corresponds to a −1PN order term relative to the GR Newtonian amplitude that scales as u^{−7/2}. This scaling is very different from the GR amplitude corrections, which in Eq. (35) we saw scale as u^{−5/2}_1 , a +1PN order correction relative to the GR Newtonian amplitude. Such different frequency scalings suggest that modified gravity amplitude corrections induced by the ℓ = 1 mode will be weakly correlated with GR amplitude corrections.

The Fourier phase can be similarly computed from Eq. (15). We find Ψ^{(ℓ)} = Ψ^{(ℓ)}_{GR} + δΨ^{(ℓ)}, where Ψ^{(ℓ)}_{GR} was given in Eq. (33) and we have defined

δΨ^{(ℓ)} = 5 64 A ℓ ( 5p^2 − 2p − 6 ) (4 − p)(5 − 2p) η^{−2p/5}u^{2p−5}_ℓ + 15 64 B ℓ (4 − q)(5 − 2q) η^{−2q/5}u^{2q−5}_ℓ . (100)

Again, the modification to the binding energy introduces modifications of pPN order, while the modification to the flux is of qPN order.

The above expression clearly contains poles at certain values of q and p. These are not physical, but just a consequence of the assumptions made when carrying out the integral in Eq. (15). When p or q equal 4 or 5/2, the integrand that defines the Fourier phase becomes inversely proportional to F , and thus, the result should be a logarithm, instead of a power law. For these special cases, we find

δΨ^{(ℓ)}_{p=4,B=0} = 880 9 Aη^{−8/5}u^8_ℓ [1 − 3 ln u_ℓ + δϕ_0] , (101)

δΨ^{(ℓ)}_{A=0,q=4} = 40 9 Bη^{−8/5}u^8_ℓ [1 − 3 ln u_ℓ + δϕ_0] , (102)

δΨ^{(ℓ)}_{p=5/2,B=0} = 30Aη^{−1}u^5_ℓ [1 + 3 ln u_ℓ + δϕ_0] , (103)

δΨ^{(ℓ)}_{A=0,q=5/2} = 40 9 Bη^{−1}u^5_ℓ [1 + 3 ln u_ℓ + δϕ_0] , (104)

where δϕ_0 is an overall constant of integration. Since these are 6.5PN order and 5PN order corrections relative to the Newtonian GR term, one usually ignores them.

A note of caution is due at this junction. Equation (100) depends only on integer powers of the reduced frequency u_ℓ. This is a direct consequence of our parameterization of the energy flux and the binding energy in Eqs. (96) and (90), respectively. In principle, these equations could be modified by other functions that cannot be represented as a power series about zero velocity. A typical example would be logarithmic terms that, for example, enter at high PN order in General Relativity due to non-linear propagation effects (see eg. [31] and references therein). Moreover, certain modified gravity theories could introduce screened modifications, ie. corrections that become “active” only above a certain frequency. Such effects would need to be modeled through a Heaviside function, which cannot be represented as a power-law. This, for example, is the case when dealing with massive Brans-Dicke gravity [34, 35, 39, 40].

V. PPE GENERALIZATION

We here review the basics of standard ppE theory and extend this to allow for the direct presence of additional polarizations. We also show that for single-detector observations, the standard ppE framework is sufficient for the ℓ = 2 harmonic, but should be generalized to account for the ℓ = 1 harmonic component. We then generalize the ppE scheme to allow for multiple detectors.

A. Standard ppE Framework

In the standard ppE framework, one considers possible deformations of the two GR polarizations (h_+ h_×) as induced by corrections to the frequency evolution equation only. As we have seen, this will allow only for modifications in the ℓ = 2 harmonic of the Fourier transform. Such corrections can arise due to deformations to the binding energy of the binary or the energy flux carried by all degrees of freedom away from the binary. In Sec. IV, we computed such corrections to leading PN order and to leading-order in the deformation parameters. As Yunes and Pretorius found [17], the corrections to the Fourier transform of the response function can be generically cast as h̃_{ppE,0}(f) = A u^{−7/2}_2 e^{−iΨ(2)}GR (1 + αu^a_2 )e^{i2βub}2 , (105)

where we have inserted a factor of 2 in the phase correction for future convenience. If the modifications to the binding energy enter at the same PN order as the modifications to the energy flux, ie. q = k = p, then α = [ 1 6 A ( 6 + 4k − 5k^2 ) − 1 2 B ] η^{−2k/5} , (106) β = − 5 64 1 (4 − k)(5 − 2k) [ A ( 5k^2 − 2k − 6 ) + 3B ] η^{−2k/5} , (107) a = 2k , b = 2k − 5 . (108)

If p < q, then to leading-order one recovers again Eq. (105) with α = 1 6 A ( 6 + 4p − 5p^2 ) η^{−2p/5} , (109) β = − 5 64 1 (4 − p)(5 − 2p) A ( 5p^2 − 2p − 6 ) η^{−2p/5} , (110) a = 2p , b = 2p − 5 . (111)

while if q < p, then you have Eq. (105) with α = − 1 2 Bη^{−2q/5} , (112) β = − 15 64 1 (4 − q)(5 − 2q)

Bη^{−2q/5} . (113)

a = 2q , b = 2q − 5 . (114)

We see then clearly that all possibilities can be mapped to the ppE waveform family of Eq. (105).

The ppE waveform family of Eq. (105) depends on the standard 5 system parameters ⃗λ_{GR} = (A, M, η, t_c, Φ^{(2)}c ) and on 4 ppE theory parameters ⃗λ_{ppE,0} = (α, a, β, b). The ppE parameters (a, b) are pure numbers that take discrete values and characterize the type of physical modification to the GR prediction. The parameters (α, β) depend on the coupling constants of the modified gravity theory, as well possibly on the masses and spins of the binary, and they are the quantities we wish to constrain with observations. When (α, β) = 0, one recovers GR, while for other values of ppE parameters, one recovers the predictions of other theories for the ℓ = 2 harmonic. For example, the Brans-Dicke prediction for the ℓ = 2 harmonic is recovered when

α_{BD} = 224 3 β_{BD} , β_{BD} = − 5 7168 η^{2/5}S^2ξ , (115)

a_{BD} = −2 , b_{BD} = −7 . (116)

Rosen’s and Lightman-Lee theory cannot be easily mapped because they do not possess a GR limit, and thus, they are not technically small deformations away from Einstein’s theory (see Sec. III).

From a physical standpoint, Eq. (105) makes perfect sense: the waveform depends on an amplitude and a phase degree of freedom, so any deformation of it can be mapped to a change in these two quantities. One could in principle Taylor expand these functional degrees of freedom, but lacking a particular theoretical framework, the controlling factor of such an expansion is unknown. Thus, since different theories predict different controlling factors, it is best to use the parameterization in Eq. (105). The pure numbers (a, b), however, should not be thought of as completely free, as after all they are generated by velocity corrections to GR’s physical principles. If one assumes that modified gravity theories always lead to corrections of the form v^n, where n ∈ Z, then (a, b) ∈ Z. To date, we have not encountered any modified gravity theory that predicts corrections in non-integer powers of the orbital velocity.

Can modifications to the radiation-reaction force or the Hamiltonian in modified gravity theories depend on non-integer powers of the velocity? We believe the answer to this question is no. If such terms were present, the corrections would be non-analytic in the weak-field, ie. they would lack a well-defined Taylor expansion about zero velocity. Such lack of analyticity would lead to a breakdown of the initial value formulation. For example, differential equations of the form v̇ = v^p, with p a non-integer and initial condition v(0) = 0 do not possess a unique solution. Notice that this is not a problem for terms proportional to negative powers of velocity or to natural logarithms, as the latter are analytic everywhere in their domain (0, ∞), ie. v = 0 is not in the domain of these functions.

However, it is known that non integer powers of the frequency in the phase of the GWs arise when the orbit is no longer circular. The reason the mathematical argument presented above is no longer valid is the following. For eccentric orbits, the binding energy is a bivariate series both in the azimuthal velocity u_θ and in the radial velocity u_r. The former is initially non-zero, but very close to zero, increasing as the inspiral proceeds. Therefore, one can expand the binding energy around u_θ = 0 and a non-integer power in the evolution law would break uniqueness. On the other hand, during the inspiral u_r decays. An inspiral can begin with large eccentricity, but due to radiation reaction, it would lose eccentricity and become circular as the inspiral proceeds. Therefore, one can no longer expand the binding energy around u_r = 0, which implies the initial condition u_r(0) = 0 is no longer valid. A differential equation u̇_r = u^p_r with p non-integer and an initial condition u_r(0) ≠ 0 has no uniqueness problem. Therefore, if an extra field ϕ were present and it decayed during the inspiral without an initial condition ϕ(0) = 0, one cannot use the argument above to rule out non-integer powers in the evolution of the GW phase.

The parameterization of Eq. (105) does not use the fact that a modification to GW generation will usually introduce changes to the amplitude and phase that will be related to each other. Indeed, from the analysis of Sec. IV, we see that a parameterization of the ℓ = 2 harmonic of the Fourier response that explicitly recognizes these relations would be

h̃_{ppE,1} = A u^{−7/2}_2 e^{−iΨ(2)}GR [1 + c β u^{b+5}_2 ] e^{i2β ub}2 . (117)

Notice that a and α have been completely eliminated. The parameter c ∈ R is not a free parameter, but it is fully determined by b. When a conservative correction dominates, then

c_{cons} = − 16 15 b(3 − b)(42b + 61 + 5b^2) 5b^2 + 46b + 81

, (118)

when a dissipative correction dominates, then

c_{diss} = − 16 15 (3 − b)b , (119) and if both conservative and dissipative corrections enter at the same PN order, then

c_{both} = − 32 15 b(3 − b)(44b + 71 + 5b^2) 5b^2 + 46b + 81

. (120)

Therefore, the ppE theory parameters of h̃_{ppE,1} are ⃗λ_{ppE,1} = (b, β), two less than ⃗λ_{ppE,0}. This might seem strange since originally we started with 4 arbitrary constants (A, B, p, q), two to parameterize corrections to the binding energy and two for modifications to the flux. Without loss of generality, however, either one of these two will be dominant or they will enter at the same PN order, enabling us to eliminate 2 parameters. Notice that when b = −7 and a dissipative correction dominates, then c_{diss} = 224/3 and one recovers the Brans-Dicke result of Eq. (115).

This reduced parameterization, however, neglects possible modifications in the propagation of GWs, due for example to a Lorentz-violating graviton dispersion relation. The analysis of [41, 42] showed that modifications in GW propagation only introduce corrections to the Fourier phase, and thus, Eq. (117) should be modified to h̃_{ppE,2} = A u^{−7/2}_2 e^{−iΨ(2)}GR [1 + c β u^{b+5}_2 ] e^{i2β ub}2 e^{iκuk}2 , (121) where k ∈ Z while κ ∈ R depends on the coupling constants of the theory. Obviously, if one neglects the 2βu^b_2 term in the phase, one recovers exactly h̃_{ppE,0} after an appropriate relabeling of the ppE parameters [see Eq. (105)]. This is only valid if k < b, as then the 2βu^b_2 term would be of higher PN order than the κu^k_2 term. This template family has parameters ⃗λ_{ppE,2} = (b, β, κ, k), the same number as ⃗λ_{ppE,0}, although there is a clear phase degeneracy here when k = b. The ppE template family h̃_{ppE,2} allows one to disentangle generation from propagation effects.

The parameterizations discussed above, however, only work for a single-detector and for the ℓ = 2 harmonic. In the next subsections, we generalize these proposals to allow for power in the ℓ = 1 harmonic and for the possibility of multiple-detector detections.

B. Generalized ppE Scheme: Single Detector, all harmonics

Given a single interferometric detector, one cannot break the degeneracies in the waveform to separately extract all physical parameters [18]. For example, one cannot separately measure all the angles that characterize the position of the source in the sky. Thus, even within GR, the prototypical template family is a reduction of Eq. (32) to

h̃^{GR}_{SD} (f) = A_{GR} (πMf)^{−7/6} e^{−iΨ}GR , (122) where we have absorbed a constant factor into the phase of coalescence. That is, one can measure the parameters contained in Ψ_{GR}, ie. (t_c, Φ_c, η, M), plus the overall amplitude A_{GR}, which essentially determines the signalto-noise ratio. However, one cannot separately measure all the quantities encoded in

A_{GR} = ( 5π 96 )_{1/2} M^2 D [ F^2_+ ( 1 + cos^2 ι

)_2

+ 4F^2_× cos^2 ι ]_{1/2} . (123) Similarly, when deciding how to modify the GR template family to allow for modified gravity effects, one must keep possible degeneracies in mind. Below, we calculate the reductions of the SPA Fourier transform of the response functions of Sec. III for each modified gravity theory studied and then discuss a few ppE proposals.

1. Brans-Dicke Theory

Equation (53) can be rewritten as

h̃^{BD}_{SD} (f) = A_{BD}u^{−7/2}_2 [ 1 + 224 3 β_{BD}u^{−2}_2 ] e^{−iΨ(2)BD}

+ γ_{BD}u^{−9/2}_1 e^{−iΨ(1)BD} . (124)

where Ψ^{(ℓ)}_{BD} = Ψ^{(ℓ)}_{GR} + δΨ^{(ℓ)}_{BD} is given by Eq. (56), with the substitution Φ_c → Φ^{(ℓ)}c in Ψ^{(ℓ)}_{GR}. The Brans-Dicke correction can be written as δΨ^{(ℓ)}_{BD} = −(ℓ/2)β_{BD}u^{−7}_ℓ , where β_{BD} was already defined in Eq. (115) and we have redefined the chirp mass M̄ = M[1 − (ξ/15)(Γ^2/12 − k_{BD})]. In rewriting the waveform in Eq. (53) in terms of an overall amplitude and an overall phase, we also redefined the (constant) phase of coalescence as

Φ^{(ℓ)}_c = Φ_c − δ_{ℓ,2} { arctan [ 2 cos ιF_× (1 + cos^2 ι)F_+ ]

+ ξΓ cos ι(1 − cos^2 ι)F_×F_b (1 + cos^2 ι)^2F^2_+ + 4 cos^2 ιF^2_× } , (125)

which leads to two distinct constants for each harmonic. Therefore, the parameters of such a template family are the usual system parameters ⃗λ_{GR} , plus the Brans-Dicke parameters ⃗λ_{BD} = (β_{BD}, γ_{BD}, Φ^{(1)}c ).

For a single-detector, one still detects only a combined overall amplitude A_{BD} for the ℓ = 2 harmonic, which in terms of the fundamental parameters of the theory and the beam-pattern functions is given by

A_{BD} = √ 5π 96 M^2 D̄ [ F^2_+ ( 1 + cos^2 ι

)_2

+ 4F^2_× cos^2 ι

+ F_+F_b ( cos^4 ι − 1 ) ξ Γ ]_{1/2} , (126)

and we recall that Γ is defined below Eq. (41). We have here absorbed a prefactor into the luminosity distance, namely D̄ = D [ 1 + ξ ( Γ^2/24 + k_{BD}/2 )] , where k_{BD} and

S are defined in and around Eq. (41). Moreover, for a single-detector one cannot measure ξ separately, but the combined phase and amplitude quantities. The latter is related to ξ via

γ_{BD} = − ( 5π 48 )_{1/2} M^2 D η^{1/5}S ξ F_b sin ι , (127)

We separate γ_{BD} from β_{BD} here because they appear multiplied by different powers of u_ℓ and the beam-pattern functions in the Fourier transform of the response function. That is, different (single) detectors will measure the same β_{BD}, but different γ_{BD}.

2. Rosen’s Theory

Equation (69) can be rewritten as

h̃^R_{SD}(f) = A_R u^{−7/2}_2 e^{−iΨ(2)}R + γ_R u^{−9/2}_1 e^{−iΨ(1)}R , (128)

where Ψ^{(ℓ)}_R is given by Eq. (72) with the substitution Φ_c → Φ^{(ℓ)}_c . The last term in Eq. (72) can also be written as β_Ru^{−7}_ℓ , where β_R is given below. As in the Brans- Dicke case, the above expression is obtained by rewriting Eq. (69) in terms of an overall amplitude and phase, where we have redefined the (constant) phase of coalescence via

Φ^{(ℓ)}_c = Φ_c − δ_{ℓ,1} arctan ( − F_b sin ι + F_L sin ι + F_{se} cos ι F_{sn} )

− δ_{ℓ,2} arctan [ − F_+(1 + cos^2 ι) 2F_× cos ι − 2F_{sn} sin ι − (F_b + F_L ) sin^2 ι + F_{se} sin 2ι 2F_× cos ι − 2F_{sn} sin ι ] . (129)

Therefore, the parameters of this template family are the usual system parameters ⃗λ_{GR}, plus the Rosen parameters (β_R , γ_R, Φ^{(1)}c ).

As before, a single detector can only measure the combined amplitude A_R , which is related to other system parameters via

A_R = √ 5π 84 M^2k^{−3/4}_R 4D [ F^2_+ ( 1 + cos^2 ι

)_2

+ 4F^2_× cos^2 ι

+ F_b sin^4 ι + 4F^2_L sin^4 ι + F^2_{se} sin^2 2ι + 4F^2_{sn} sin^2 ι + 8 cos ι sin^3 ιF_L F_{se} + 4 sin^4 ιF_b F_L + 4 cos ι sin^3 ιF_b F_{se} + 2 ( 1 − cos^4 ι ) (F_+F_b + 2F_+F_L ) + (1/2) (6 sin 2ι + sin 4ι) F_+F_{se} + 4 sin 2ιF_×F_{sn}]^{1/2} , (130)

One can also measure the combination of theory constants in β_R and γ_R , where the relationship between these two sets and theory parameters is

γ_R = √ 40π 189 η^{1/5} M^2k^{−7/12}_R D G [ F^2_{sn} + ( F^2_b + F^2_L ) sin^2 ι

+ F^2_{se} cos^2 ι + 2F_b F_L sin^2 ι + (F_b + F_L ) F_{se} sin 2ι ]_{1/2} , (131)

β_R = − 25 8232 k^{−2/3}_R G^2η^{2/5} . (132)

As in the Brans-Dicke case, all detectors will see the same β_R for a given event, but different γ_R.

3. Lightman-Lee Theory

Equation (85) can be rewritten as

h̃^{LL}_{SD}(f) = A_{LL} u^{−7/2}_2 e^{−iΨ(2)}LL + γ_{LL} u^{−9/2}_1 e^{−iΨ(1)}LL , (133)

where Ψ^{(ℓ)}_{LL} in this equation is given by Eq. (88) with the substitution Φ_c → Φ^{(ℓ)}_c . The last term in Eq. (88) can also be written as β_{LL} u^{−7}_ℓ , where β_{LL} is given below. In rewriting Eq. (85) in terms of an overall amplitude and phase, we had to redefine the constant phase of coalesce to

Φ^ℓ_c = Φ_c − δ_{ℓ,2} arctan [ − F_+ ( 1 + cos^2 ι ) 2F_{sn} sin ι + 2F_× cos ι + − (2F_L − 3F_b) sin^2 ι + F_{se} sin 2ι 2F_{sn} sin ι + 2F_× cos ι ]

− δ_{ℓ,1} arctan { [(5/4)F_b + F_L ] sin ι − cos ιF_{se} F_{sn} } . (134)

Therefore, the parameters of this waveform are the usual ones ⃗λ_{GR}, plus the Lightman-Lee ones (β_{LL} , γ_{LL} , Φ^{(1)}c ).

As before, a single detector can only measure the overall amplitude A_{LL} , which is related to other parameters via

A_{LL} = √ 5π 168 M^2 D [ F^2_+ ( 1 + cos^2 ι

)_2

+ 4 cos^2 ιF^2_× + ( 9F^2_b + 4F^2_L ) sin^4 ι + sin^2 2ιF^2_{se} + 4 sin^2 ιF^2_{sn} + 8 cos ι sin^3 ιF_L F_{se} − 12 sin^4 ιF_b F_L − 12 sin^3 ι cos ιF_b F_{se} − (1/2) (5 sin ι + sin 3ι) F_+ (3 sin ιF_b − 2 sin ιF_L −2 cos ιF_{se} ) + 4 sin 2ιF_{sn}F_×]^{1/2} , (135)

Moreover, one can also only measure (γ_{LL} , β_{LL} ), and these are related to other fundamental theory parameters via

γ_{LL} = √ 250π 189 η^{1/5} M^2 D G [( 25 16 F^2_b + F^2_L ) sin^2 ι

+ cos^2 ιF^2_{se} + F^2_{sn} + 5 2 sin^2 ιF_b F_L

− F_L F_{se} − 5 4 F_bF_{se} sin 2ι ]_{1/2} , (136)

β_{LL} = 625 16464

G^2η^{2/5} . (137)

Multiple detectors will measure different γ_{LL} , but the same β_{LL} given the same source.

4. ppE Scheme

The above discussion allows us to conclude that, although the already existing ppE scheme is perfectly adequate to capture the ℓ = 2 harmonic in the Fourier transform, it does not capture the ℓ = 1 harmonic. Power in this harmonic is a natural consequence of theories that predict extra polarization states. The largest generalization of the ppE scheme that covers all alternatives is simply

h̃^{SD}_{ppE,0}(f) = A u^{−7/2}_2 (1 + αu^a_2 )e^{−iΨ(2)}GR e^{iβub}2

+ γ u^c_1 e^{−iΨ(1)GR} e^{iδud1} , (138)

where now the theory parameters are ⃗λ_{ppE,0} = (α, a, β, b, γ, c, δ, d, Φ^{(1)}_c ). We say that this is the largest generalization because, in addition to the standard 5 system parameters ⃗λ_{GR} , we have added 9 more for a total of 14 parameters, without imposing any relations between them.

One might worry that the parameterization of the ℓ = 1 term (the second line in Eq. (138) will be degenerate with PN amplitude corrections. This will indeed be the case if c ∈ (−5/2, −2, −3/2, . . .). Modified gravity theories that predict the excitation of a scalar breathing mode, however, are likely to introduce ℓ = 1 corrections to the waveform that enter at leading, Newtonian order. For these, c = −9/2, which is a −1PN order correction in the amplitude relative to the leading-order GR term. As such, these modifications should be weakly correlated with PN amplitude corrections.

Since the leading-order term of the ℓ = 1 harmonic enters at Newtonian, leading order, the amplitude parameter γ has to be very small, for the theory to be consistent with binary pulsar observations. Given that detectors are more sensitive to the GW phase than its amplitude, it would appear that the effect of additional polarization states would first show up indirectly in the modified phase evolution of h_+ and h_×, and not through the direct detection of the additional polarization states. However, Ė ∼ ḣ^2 ∼ O(ϵ^2), where ϵ is the small parameter measuring the deviation of the theory in question from GR.

Then, it is clear from the SPA formalism (Eq. (14)) that the amplitude of the Fourier transform of the ℓ = 1 harmonic will have 2 terms: one coming from the quadrupole part of Ḟ and one coming from the dipole part of Ḟ . The former is of order ϵ, while the latter of order ϵ^2 and can, thus, be neglected. From Eq. (15) we see that β is proportional to ϵ^2 and we still have the possibility of measuring γ before β. Only in very specific theories, for example in Brans-Dicke theory where the kinetic scalar term is multiplied by the reciprocal of the Brans-Dicke coupling parameter, is Ė modified from its GR expectation at linear order in the coupling. A more detailed study of the possibility of measuring γ is left for future work.

In the above parameterization, we did not use the fact that some of these parameters are not independent, if they are all to arise from a modification to the generation of GWs. As we showed in Sec. IV, given a correction to the energy flux or the binding energy that scales as 1/r^k relative to the leading-order GR expectation, the correction to the phase in the ℓ = 2 harmonic is proportional to u^{2k−5}_2 , while the correction to the amplitude goes as u^{2k}_2 . One can then postulate a reduced ppE model of the form

h̃^{SD}_{ppE,1}(f) = A u^{−7/2}_2 e^{−iΨ(2)}GR [1 + c βu^{b+5}_2 ] e^{i2βub}2

+ γ u^{−9/2}_1 e^{−iΨ(1)GR} e^{iβub1} , (139)

where Ψ^{(ℓ)}_{GR} is given in Eq. (33) with Φ_c → Φ^{(ℓ)}_c . We have also explicitly used the fact that the ℓ = 2 harmonic leads to an amplitude proportional to f^{−7/6}, while an ℓ = 1 harmonic leads to f^{−3/2} when only the leadingorder quadrupole radiation is taken into account. Notice that c is again given by Eqs. (118)- (120), ie. it is fully determined by the conservative or dissipative modifications. The ppE theory parameters of h̃^{SD}_{ppE,1} are ⃗λ_{ppE,1} = (b, β, γ, Φ^{(1)}_c ), in addition to the usual system

parameters ⃗λ_{GR}, for a total of 9 parameters.

The result in Eq. (139) is very similar to that of Arun [24], so let us compare it directly. In [24], Arun considered the effect of dipole radiation in the Fourier waveform, which corresponds to our waveform with b = −7. Moreover, he neglected any conservative corrections (modifications to the binding energy), and thus, c = c_{diss} as given in Eq. (119). In this limit, h̃^{SD}_{ppE,1} reduces to his Eq. (9). We note that Arun’s overall amplitude is complex, and thus, there is an additional parameter that was not made explicit in his equations. We have here pulled this factor out by including Φ^{(1)}c ≠ Φ^{(2)}c explicitly.

Whether one chooses Eq. (138) or (139) depends on the question that one is trying to answer. The parameterization in Eq. (139) contains fewer parameters, but stronger assumptions about the type of corrections one is searching for. In deriving this equation, we have neglected all corrections that cannot be represented by a power-law. For example, we have ignored possible logarithmic modified gravity corrections in the Hamiltonian or radiation-reaction force, as well as screened modifications that depend on the Heaviside function. Moreover, we have also neglected the fact that GR modifications consist of an infinite power series in velocity, and thus, corrections to the phase will not depend on a single term, but an entire PN series. The parameterization of Eq. (139) attempts to extract only the leading-order, controlling factor in the expansion. If the true theory of nature contains these type of deviations, Eq. (138) might be more powerful at detecting a deviation. This is the topic of a follow-up study that is in preparation [43].

Finally, we can also allow for propagation effects by multiplying the phases in Eq. (139) by the appropriate ppE propagation factors:

h̃^{SD}_{ppE,2}(f) = A u^{−7/2}_2 e^{−iΨ(2)}GR [1 + c βu^{b+5}_2 ] e^{i2βub}2 e^{iκuk}2

+ γ u^{−9/2}_1 e^{−iΨ(1)GR} e^{iβub1} e^{iκuk1} , (140)

where (κ, k) are new ppE propagation parameters. Using such a waveform, however, might not be ideal for data analysis purposes, as usually either u^b or u^k will dominate, and it might be preferable to ignore the subdominant contribution.

C. Generalized ppE Scheme:

Multiple Detectors, all harmonics

The theory amplitude parameters, such as β and γ, introduced in the previous subsection, clearly depend both on the coupling constants of the theory, as well as on the symmetric mass ratio, the sky location of the source and the inclination angle. Therefore, these parameters are system and detector dependent and not suitable for comparing data acquired from a detector network. In this subsection, we will construct a generalization to the ppE parameterization for the waveform amplitude to resolve this problem.

Let us then begin by presenting the Fourier transform of the response function in the SPA for all the theories considered in Sec. III, but in full detail this time, without rewriting the response in terms of an overall amplitude and phase correction.

1. GR:

h̃^{GR}_{MD}(f) = −[F_+(1 + cos^2 ι) + 2iF_× cos ι] × ( 5π 96 )_{1/2} M^2 D (πMf)^{−7/6}e^{−iΨ(2)GR} (141)

2. Brans-Dicke Theory:

h̃^{BD}_{MD}(f) = { −[F_+(1 + cos^2 ι) + 2iF_× cos ι] [ 1 − ( 1 24 Γ^2 + k_{BD} 2 ) ξ ] u^{−7/2}_2 + F_b sin^2 ι Γ 2 ξ u^{−7/2}_2 −[F_+(1 + cos^2 ι) + 2iF_× cos ι] ( 5 96 ) η^{2/5} ξ S^2 u^{−11/2}_2 } ( 5π 96 )_{1/2} M^2 D e^{−iΨ(2)BD}

− (F_b sin ι) S ξ ( 5π 48 )_{1/2} η^{1/5} M^2 D u^{−9/2}_1 e^{−iΨ(1)BD} , (142)

3. Rosen’s Theory:

h̃^R_{MD}(f) = {− [F_+(1 + cos^2 ι) + 2iF_× cos ι] + [ −F_b sin^2 ι − 2F_L sin^2 ι − 2F_{sn}i sin ι − F_{se} sin 2ι ]} i ( 5π 336 )_{1/2} k^{−3/4}_R

M^2 D u^{−7/2}_2 e^{−iΨ(2)R}

+ i (−F_b sin ι − F_L sin ι − F_{sn}i − F_{se} cos ι) Gk^{−7/12}_R √ 40π 189 η^{1/5} M^2 D u^{−9/2}_1 e^{−iδΨ(1)R} , (143)

4. Lightman-Lee Theory:

h̃^{LL}_{MD}(f) = {− [F_+ (1 + cos^2 ι) + 2iF_× cos ι] + [3F_b sin^2 ι − 2F_L sin^2 ι − 2F_{sn}i sin ι − F_{se} sin 2ι]} × i ( 5π 336 )_{1/2} M^2 D u^{−7/2}_2 e^{−iΨ(2)LL} + [ 5 4 F_b sin ι − F_L sin ι + F_{sn} + F_{se} cos ι ] i G √ 250π 189 η^{1/5} M^2 D u^{−9/2}_1 e^{−iδΨ(1)LL} ,

(144)

where the phase terms are given in Sec. III.

Using the above examples for guidance, one can generalize the ppE framework to apply to multiple detectors via the large ppE class h̃^{MD}_{ppE,0}(f) = h̃^{GR}_{MD}e^{iβub}2 + [α_+F_+ + α_×F_× + α_bF_b + α_L F_L + α_{sn}F_{sn} + α_{se} F_{se}]u^a_2 e^{−iΨ(2)}GR e^{iβub}2

+ [γ_+F_+ + γ_×F_× + γ_bF_b + γ_L F_L + γ_{sn} F_{sn} + γ_{se} F_{se}] η^{1/5}u^c_1e^{−iΨ(1)GR} e^{iδud1} . (145)

Comparing this to Eq. (138), it is obvious that the parameters (a, β, b, c, δ, d) are the same as introduced for a single-detector. In order to account for multiple detectors, however, we have introduced a number of parameters in place of (α, γ, Φ^{(ℓ)}_c ), one for each polarization mode: α → (α_+, α_×, α_b, α_L , α_{se}, α_{sn}) and γ → (γ_+, γ_×, γ_b, γ_L , γ_{se}, γ_{sn}). We have here absorbed any possible inclination dependence into these parameters, as multiple detectors will essentially see the same inclination angles. Also, we have here included both α_+ and α_× for the sake of generality, but in all examples encountered usually these parameters are not independent.

The parameters introduced are either purely real or purely imaginary, but not complex. We can then rewrite them as α_i = ᾱ_ie^{iπ/2α̂} and γ_i = γ̄_ie^{iπ/2γ̂} where (ᾱ_i, γ̄_i) are real parameters, while (α̂_i, γ̂_i) are binary parameters, ie. they are either equal to unity or they vanish. Although this introduces a new parameter α̂ or γ̂ for each ᾱ or γ̄ parameter, the former two are not full parameters, in that they only increase the volume of the parameter space but not its dimensionality.

As we discussed in Sec. V B and IV, however, not all of these parameters are independent. Using the arguments of Sec. IV, we can restrict the large class of templates of Eq. (145) to the leading-order corrections induced by modified GW generation corrections without preferred frames:

h̃^{MD}_{ppE,1}(f) = h̃^{GR}_{MD}(1 + c βu^{b+5}_2 )e^{2iβub}2 + [α_b F_b sin^2 ι + α_L F_L sin^2 ι + α_{sn}F_{sn} sin ι + α_{se}F_{se} sin 2ι] M^2 D u^{−7/2}_2 e^{−iΨ(2)GR} e^{2iβub2}

+ [γ_bF_b sin ι + γ_LF_L sin ι + γ_{sn}F_{sn} + γ_{se}F_{se} cos ι] η^{1/5}

M^2 D u^{−9/2}_1 e^{−iΨ(1)GR} e^{iβub1} . (146)

As before, there is no need to introduce Φ^{(ℓ)}c here. The 10 theory parameters are then (b, β, α_b, α_L , α_{se}, α_{sn}, γ_b , γ_L, γ_{se}, γ_{sn}). Of these, b ∈ Z, while all others depend on the fundamental coupling constant of the theory.

We have proposed the specific parameterization of the amplitude corrections based on the following considerations. For theories with no preferred directions and for circular orbits, the leading-order, trace-reversed metric perturbation can have terms proportional to

1. For ℓ = 2

h̄^{00} ∼ (N̂ · v̂)^2 , (N̂ · x̂)^2 (147)

h̄^{0j} ∼ (N̂ · v̂)v^j , (N̂ · v̂)x^j , (N̂ · x̂)v^j , (N̂ · x̂)x^j (148)

h̄^{ij} ∼ (N̂ · v̂)^2δ^{ij} , (N̂ · x̂)^2δ^{ij} , v^iv^j , x^ix^j (149)

2. For ℓ = 1

h̄^{00} ∼ (N̂ · v̂) , (N̂ · x̂) (150)

h̄^{0j} ∼ v^j , x^j (151) h̄^{ij} ∼ (N̂ · v̂)δ^{ij} , (N̂ · x̂)δ^{ij} (152)

If we apply the projectors in Eq. (9) to the above equations to extract the polarization amplitudes and then use Eq. (8) to calculate each mode, we find that the inclination dependence given in Eq.(146) is unique for the leading-order terms. This is confirmed in the theories we discussed above, all of which lead to the same structure: the ℓ = 1 harmonic has a term proportional to F_A and a similar term appears in the ℓ = 2 harmonic but multiplied by another factor of sin ι and a different amplitude, where the latter depends on the particular theory considered. The inclination dependence will be different for terms that enter at higher order in the orbital velocity, just as happens in GR. We have here not allowed for ppE theory parameters multiplying F_+ and F_× in the ℓ = 1 harmonic because such terms could only arise if h̄_{ij} ∼ x̂_i A_j + v̂_i B_j , where (A_i, B_i) are independent of the orbital phase, which would be indicative of theories with preferred directions. Such theories exist [11–13], but we leave a detailed analysis of these effects to future work.

Finally, we can also allow for propagation modifications, in addition to the generation ones, by introducing a further phase corrections of the form h̃^{MD}_{ppE,2}(f) = h̃^{GR}_{MD}(1 + c βu^{b+5}_2 )e^{2iβub}2 e^{iκuk}2

+ [α_bF_b sin^2 ι + α_L F_L sin^2 ι + iα_{sn}F_{sn} sin ι + α_{se}F_{se} sin 2ι]

M^2 D u^{−7/2}_2 e^{−iΨ(2)GR} e^{2iβub2} e^{iκuk2} + [γ_bF_b sin ι + γ_L F_L sin ι + iγ_{sn}F_{sn} + γ_{se}F_{se} cos ι] η^{1/5}

M^2 D u^{−9/2}_1 e^{−iΨ(1)GR} e^{iβub1} e^{iκuk1} . (153)

where (κ, k) are propagation ppE parameters. As in Eq. (140), using this waveform might not be ideal, as usually either u^b or u^k will dominate, and one might wish to neglect the subdominant contribution.

Before proceeding, let us make a remark about the GR limit of the parameterizations discussed here. We saw earlier that both Rosen’s and Lightman-Lee theory do not possess a continuous GR limit. That is, if one takes the coupling parameters of this theory to zero G → 0, one does not recover Einstein’s theory. While our parameterization is designed to have a smooth GR limit, it does manage to cover these exotic and observationally disfavoured alternatives. More precisely, the parameterization discussed above poses no restriction on the magnitude of the amplitude β, and thus, if β were large enough and b = −5, the phase terms proportional to β could combine with the GR terms to change the leading-order behavior. Such behavior can be discarded if one imposes priors on β and κ, for example, by requiring them to satisfy their current binary pulsar constraints [44].

VI. NULL STREAMS

A general method used in GW data analysis to separate signals from noise is that of null streams. This approach was first introduced by Gürsel and Tinto [45] and was later extended by Chatterji et al. [46]. The idea behind this is to combine the data from a network of detectors to find linear combinations that contain no GW signal, only noise, in the hopes of separating false-alarms from real GW burst events. Their analysis only included the h_+ and h_× polarizations, since they were considering only GR events.

We can extend this method to test Einstein’s theory through the proper combination of output from several detectors. In essence, one can extend the analysis of [45, 46] to allow for all possible polarizations and then construct the appropriate null streams (“null” within GR) through appropriate projections. This method is promising to test GR, since the detection of a GW in a GR null stream would automatically signal a deviation from GR (assuming the source location is known - the more general analysis for sources with unknown sky location will be developed elsewhere). One can thus search for statistically significant deviations from noise in GR null streams, both with a template (as given in Sec. V) and without one. Given a detection of a signal in a GR null stream, one could then reconstruct the signal through the templates in Sec. V.

Let us assume that there exist D ≥ 6 detectors with uncorrelated noise and that, for a given source, we know its position in the sky, as might be the case if we have an electromagnetic counterpart. Given this, one knows exactly how to time-shift the signal from detector to detector. For a detector a, the noise-weighted signal from a source at location Ω̂_s in the sky in the frequency domain is d̃_a = F^+_a h̃_+ +F^×_a h̃_× +F^{se}_a h̃_{se} +F^{sn}_a h̃_{sn} +F^b_a h̃_b +F^L_a h̃_L +ñ_a . (154) Here, and in the remaining section, d̃_a, F^·_a and ñ_a are the noise-weighted signal, the antenna patterns and the noise of the ath detector respectively, each defined as their standard value divided by √ S_a(f)/2 where S_a(f) is the power spectral density.

Given D detectors, we can then rewrite Eq. (154) as

d̃_1 d̃_2 . . d̃_D = F^+_1 F^×_1 F^{se}_1 F^{sn}_1 F^b_1 F^L_1 F^+_2 F^×_2 F^{se}_2 F^{sn}_2 F^b_2 F^L_2 . . . . . . . . . . . . F^+_D F^×_D F^{se}_D F^{sn}_D F^b_D F^L_D h̃_+ h̃_× . . h̃_L + ñ_1 ñ_2 . . ñ_D ,

(155) or using tensor notation, d̃^a = F^a_jh̃^j + ñ^a , (156)

where the a runs over the number of detectors and the j over the polarizations. The quantity F^a_j is acting analogous to a metric in the signal manifold, and thus, the first term on the right-hand side can be interpreted as the projection of the wave vector h̃^j along the directions F^+_a, F^×_a, F^{se}_a, F^{sn}_a, F^b_a and F^L_a. Therefore, one can create data sets that have no component of a certain polarization by projecting them to a direction orthogonal to the direction defined by the beam pattern functions of this polarization mode. This is illustrated in Fig 1 for 3 detectors.

For D detectors, the signal manifold is D dimensional with D basis vectors, 5 of which can be chosen along the F^+_a, F^×_a, F^{se}_a, F^{sn}_a and F^b_a directions. The reason why we cannot choose 6 linearly independent basis vectors along the F^._a directions is that F^b = −F^L, as can be clearly seen from Eq. 2 (see also [47, 48]). This means that although we have a 6 × D matrix, this only has 5 linearly independent columns. The remaining D − 5 vectors would give us complete null streams, ie. streams with

FIG. 1: Schematic diagram of the projection of the data stream d̃c orthogonal to the GR subspace (F^+_a , F^×_b ) for 3 detectors to build the GR null stream d̃_{GR,null}.

truly no signals, no matter how many polarizations are present. Currently, there are only 3 detectors active or soon to be active and collecting data, and thus, we can only eliminate two polarization modes from the full signal. Let us then define the GR null stream as the stream that has no tensor modes (h̃_+ and h̃_×), namely

d̃_{GR,null} = ϵ^{cab}F^{+a}F^{×b} |δ^{ab}F^+_aF^×_b| d̃_c , (157)

(this is analogous to the null stream defined in [46]). Clearly, this will contain a mixture of the two scalar modes and two vector modes.

Given data from 3 detectors, one can then study whether d̃_{GR,null} contains any statistically significant deviations from noise without ever invoking a template. However, since we have constructed a parameterization for a response function with all polarizations, one could filter d̃_{GR,null} with the GR null scalar

h̃_{GR,null} = ϵ^{cab}F^{+a}F^{×b} |δ^{ab}F^+_aF^×_b| h̃_c , (158)

fitting for the system parameters, together with the ppE theory parameters. The quantity h̃_c here should be interpreted as, for example, h̃^{MD}_{ppE,1} given in Eq. (145) for the cth detector.

What if we had more than 3 detectors? Each additional detector would allow us to eliminate one of the two vector modes or both the scalar modes, beyond the two tensor ones. For example, given four detectors, d̃_{GR,null} becomes a two vector, as there are two GR null streams, which in addition also contain no power in one of the vector modes or the scalar modes, depending on which direction we chose to project out. Therefore, given 5 detectors one can construct 3 enhanced GR null streams, each with power in a signal direction. With more than 5 detectors, one can then construct complete null streams (in any theory of gravity). This topic and its implementation will be studied more carefully elsewhere [43].

VII. CONCLUSIONS

We have studied how theories that predict the existence of all GW polarization modes affect the GW response function. First, we considered three modified theories (Brans-Dicke theory, Rosen’s theory and Lightman- Lee theory) and, for each of them, we extracted the polarization modes and calculated the response function in the time and frequency domains, for a quasi-circular, non-spinning compact object inspiral source. We found that, although generically the response function contains terms proportional to the ℓ = (0, 1, 2) harmonic of the orbital phase, only the ℓ = (1, 2) harmonics contribute significantly to the Fourier transform in the SPA. This is because the ℓ = 0 harmonic lacks a stationary point in the generalized Fourier integral, and thus, it becomes subdominant relative to the ℓ = (1, 2) harmonics by the Riemann-Lebesgue lemma [21].

We then considered the generic structure of the ℓharmonic response function in the time domain using symmetry arguments and dimensional analysis. We Fourier-transformed this generic structure in the SPA and found that the leading-order Fourier amplitude and phase scale as ℓ^{−1/2}η^{(2−ℓ)/5}u^{(2ℓ−11)/2}_ℓ and ℓu^{−5}_ℓ respectively, where u_ℓ = (2πMf/ℓ)^{1/3}, η is the symmetric mass, f is the GW frequency and M is the chirp mass. We then allowed for power-law modifications to the radiation-reaction force (the energy flux) and the Hamiltonian (the binding energy). Given a modification of relative nth PN order to either of these quantities, we found that the Fourier amplitude and phase acquire corrections that both scale as u^{2n}_ℓ relative to the GR leading-order term.

With this in hand, we considered the ppE framework and whether it was capable of capturing this higherharmonic modifications to the response function. We found that, although the original ppE framework is perfectly capable of modeling the ℓ = 2 harmonic, it needs to be modified to also allow for the ℓ = 1 harmonic. We proposed two possible extensions to the single-detector ppE framework: a generic one with a total of 9 ppE theory parameters; and a reduced one with only 4 ppE theory parameters that uses some of the scaling relations found for a generic terms promotional to the ℓ-harmonic of the orbital phase in the response function.

The original ppE scheme was not applicable to multiple detector configurations, as it was based on a generic deformation of a GR single-detector response. When trying to constrain the existence of non-GR polarizations, however, one needs to redo this analysis to allow for multiple detectors. We carried out such an extension proposing another two ppE, multiple-detector template families: a generic one with a total of 18 ppE theory parameters; and a reduced one with a total of 10 ppE parameters. The large increase in ppE parameters is necessary if one wishes to test for the existence of all 4 additional non- GR polarizations in both the ℓ = 1 and ℓ = 2 harmonic of the Fourier transformed response function. If one restricts attention to only one additional non-GR polarization, then one requires only 9 ppE parameters for the generic proposal and 5 ppE parameters for the restricted proposal.

Some of the parameters we introduced here are already constrained by binary pulsar observations. For example, if there exists a scalar breathing mode at leading, Newtonian order, then it will modify the amplitude through a −1PN order term, which then will change the rate of change of the binding energy, and thus, of the orbital period. Such negative-PN order terms must be very small in magnitude to be compatible with binary pulsar observations [44]. Such restrictions could be accounted for in the form of a prior through a Bayesian analysis.

We conclude with a discussion of a possible method to test for the existence of additional non-GR polarization through the combination of the output of multiple detectors. That is, we extend the concept of null streams to non-GR theories, defining a GR null stream as one that would be consistent with noise in GR, but that would contain non-GR polarizations in a modified gravity theory. Such a null stream is simply constructed by building basis vectors orthogonal to the 2 GR polarization basis vectors in the signal manifold, and then projecting out the response with these orthogonal directions. We find that at least 3 detectors are necessary to construct one such null stream. One requires 5 detectors to isolate the 4 additional non-GR polarizations into single GR null streams and 6 detectors are required to create a null streams in all theories of gravity.

Although the analysis presented here is a definite step forward toward the construction of model-independent tests of GR with GWs from binary inspirals, it leaves open several directions for future research. The four ppE proposals discussed in this paper were in part inspired by our analysis of three specific models. In principle, one would like to repeat the analysis carried out here for vector-tensor theories, such as [6], stratified theories [6, 14–16] and tensor-vector-scalar theories, such as TeVeS [9, 10] or Einstein-Aether theory [11–13]. The latter will be particularly helpful in improving the ppE scheme, as it predicts the existence of preferred directions, which should introduce ℓ = 1 harmonic modifications to the time-domain response function. Another step towards the improvement of the above proposals would be to determine a generic parametrization for the quantities that depend on the parameters of the system, like the mass, the spins etc.

One of the main motivations for the ppE scheme is to develop a framework to test GR in the strong-field and here we have concentrated on the inspiral phase only, which might seem like a contradiction. As explained in the Introduction, however, by “strong-field” we here mean the region of spacetime where the gravitational field is dynamical and non-linear. The PN expansion allows one to model such non-linearities and strong dynamics perturbatively, and it is precisely this that the ppE framework modifies. Ideally, one would also want to consider extensions of the ppE framework during the plunge and merger phase. In these phases, one expects the most amount of radiation emitted through non-GR polarizations, and perhaps, the largest deviations from our GR expectations. The plunge and merger, however, are extremely difficult to model even within GR. Lacking a numerical modeling of these phases in modified gravity theories, one can only improve on inspiral ppE models at the current time. In the future, however, it would be most interesting to see how additional polarizations modify GR waveforms during merger.

Another obvious direction for future research is the implementation of such proposals in a realistic data analysis pipeline, like that discussed in [18] or [49]. In particular, the amplitude of the ℓ = 1 harmonic to the Fourier transform of the response function is proportional to a ppE theory parameter, which we are assuming here to be small, relative to the GR amplitude of the ℓ = 2 mode. Since GW detectors are much more sensitive to the GW phase than its amplitude, it is not entirely clear whether the ℓ = 1 harmonic can be extracted for low signal-to-noise ratio events. Whether the inclusion of such parameter amplitude ppE parameters is of practical use can only be determined through an implementation of these proposals.

Acknowledgments

We would like to thank Leo Stein and Kent Yagi for useful comments and suggestions. NY acknowledges support from NSF grant PHY-1114374 and NASA grant NNX11AI49G, under sub-award 00001944. NC acknowledges support from NSF award 0855407 and NASA grant NNX10AH15G.

[1] A. Abramovici et al., Science 256, 325 (1992). [2] L. S. Collaboration (LIGO Scientific) (2007), 0711.3041.

[3] Ligo, www.ligo.caltech.edu.

[4] F. Acernese et al. (Virgo), Class. Quant. Grav. 24, S381

(2007).

[5] Virgo, www.virgo.infn.it. [6] C. Will (1993).

[7] C. M. Will, Living Rev. Relativity 9, 3 (2005), grqc/0510072.

[8] C. Brans and R. H. Dicke, Phys. Rev. 124, 925 (1961). [9] J. D. Bekenstein, Phys. Rev. D70, 083509 (2004), astroph/0403694.

[10] J. D. Bekenstein and R. H. Sanders (2005), astroph/0509519.

[11] T. Jacobson and D. Mattingly, Phys. Rev. D70, 024003 (2004), gr-qc/0402005.

[12] C. Eling, T. Jacobson, and D. Mattingly (2004), grqc/0410001.

[13] T. Jacobson (2008), 0801.1547. [14] N. Rosen, Phys.Rev. D3, 2317 (1971). [15] N. Rosen, Annals Phys. 84, 455 (1974).

[16] A. P. Lightman and D. L. Lee, Phys. Rev. D 8, 3293 (1973).

[17] N. Yunes and F. Pretorius, Phys.Rev. D80, 122003 (2009), 0909.3328.

[18] N. Cornish, L. Sampson, N. Yunes, and F. Pretorius, Phys.Rev. D84, 062003 (2011), 1105.2088.

[19] C. Will, Astrophys.J. 214, 826 (1977).

[20] C. M. Will and H. W. Zaglauer, Astrophys.J. 346, 366 (1989).

[21] C. M. Bender and S. A. Orszag, Advanced mathematical methods for scientists and engineers 1, Asymptotic methods and perturbation theory (Springer, New York, 1999).

[22] S. Droz, D. J. Knapp, E. Poisson, and B. J. Owen, Phys.Rev. D59, 124016 (1999), gr-qc/9901076.

[23] N. Yunes, K. G. Arun, E. Berti, and C. M. Will (2009), 0906.0313.

[24] K. Arun (2012), 1202.5911.

[25] R. Forward, General Relativity and Gravitation 2, 149 (1971), ISSN 0001-7701, 10.1007/BF02450446, URL

http://dx.doi.org/10.1007/BF02450446.

[26] W. W. Johnson and S. M. Merkowitz, Phys. Rev. Lett. 70, 2367 (1993), URL

http://link.aps.org/doi/10.1103/PhysRevLett.70.2367.

[27] M. Bianchi, E. Coccia, C. Colacino, V. Fafone, and F. Fucito, Class.Quant.Grav. 13, 2865 (1996), grqc/9604026.

[28] C. W. Misner, K. Thorne, and J. A. Wheeler, Gravitation (W. H. Freeman & Co., San Francisco, 1973).

[29] E. Poisson and C. M. Will, in progress.

[30] L. E. Kidder, Phys.Rev. D52, 821 (1995), 60 pages, revtex 3.0, 16 figures available upon request, to appear in Physical Review D Report-no: WUGRAV-94-6, NU-GR- 11, gr-qc/9506022.

[31] L. Blanchet, Living Rev. Rel. 9, 4 (2006), and references therein, gr-qc/0202016.

[32] A. Buonanno, B. Iyer, E. Ochsner, Y. Pan, and B. Sathyaprakash, Phys.Rev. D80, 084043 (2009), 0907.0700.

[33] C. Van Den Broeck and A. S. Sengupta, Class.Quant.Grav. 24, 155 (2007), gr-qc/0607092.

[34] J. Alsing, E. Berti, C. Will, and H. Zaglauer (2011), 1112.4903.

[35] N. Yunes, P. Pani, and V. Cardoso (2011), 1112.3351. [36] C. M. Will, Astrophys. J. 214, 826 (1977). [37] C. M. Will and D. M. Eardley, Astrophys.J. 212, L91 (1977).

[38] J. M. Weisberg and J. H. Taylor, General Relativity and Gravitation 13, 1 (1981).

[39] S. L. Detweiler, Phys.Rev. D22, 2323 (1980). [40] V. Cardoso, S. Chakrabarti, P. Pani, E. Berti, and L. Gualtieri, Phys.Rev.Lett. 107, 241101 (2011), 1109.6021.

[41] C. M. Will, Phys.Rev. D57, 2061 (1998), gr-qc/9709011. [42] S. Mirshekari, N. Yunes, and C. M. Will, Phys.Rev. D85, 024041 (2012), 11 pages, 3 figures, 2 tables. Submitted to Phys. Rev. D, 1110.2720.

[43] L. Sampson, N. Cornish, and N. Yunes, in preparation. [44] N. Yunes and S. A. Hughes, Phys.Rev. D82, 082002 (2010), 1007.1995.

[45] Y. Guersel and M. Tinto, Phys.Rev. D40, 3884 (1989). [46] S. Chatterji, A. Lazzarini, L. Stein, P. J. Sutton, A. Searle, et al., Phys.Rev. D74, 082005 (2006), grqc/0605002.

[47] L. Boyle (2010), 1003.4946. [48] L. Boyle (2010), 1008.4997.

[49] T. Li, W. Del Pozzo, S. Vitale, C. Van Den Broeck, M. Agathos, et al. (2011), 26 pages, 23 figures, Accepted by PRD, 1110.0530.