arXiv:1205.3842v1 [gr-qc] 17 May 2012

Radiation reaction at 3.5 post-Newtonian order in effective field theory

Chad R. Galley Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA and Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125, USA

Adam K. Leibovich Pittsburgh Particle physics Astrophysics and Cosmology Center (PITT PACC) Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA (Dated: May 18, 2012)

We derive the radiation reaction forces on a compact binary inspiral through 3.5 order in the post-Newtonian expansion using the effective field theory approach. We utilize a recent formulation of Hamilton’s variational principle that rigorously extends the usual Lagrangian and Hamiltonian formalisms to dissipative systems, including the inspiral of a compact binary from the emission of gravitational waves. We find agreement with previous results, which thus provides a non-trivial confirmation of the extended variational principle. The results from this work nearly complete the equations of motion for the generic inspiral of a compact binary with spinning constituents through 3.5 post-Newtonian order, as derived entirely with effective field theory, with only the spin-orbit corrections to the potential at 3.5 post-Newtonian remaining.

I. INTRODUCTION

The advent of advanced ground-based gravitational wave (GW) interferometer detectors (i.e., advanced LIGO and advanced VIRGO) brings an increasing demand for more accurate waveform templates to be used for detecting gravitational waves and for extracting information about the parameters associated with a source, such as the masses, spins, distance, and sky location. Currently, a goal of the GW source-modeling community is to produce inspiral waveforms accurate through at least 3.5 post-Newtonian (PN) order. The PN expansion is a perturbation theory for the gravitational field and the binary’s motion in the weak-field and slow-motion limits (see [1] for a review). The equations for the relative motion of the binary are known already through 3.5PN order, even when including the spin angular momenta of the binary’s constituents (see, e.g., [1–5] and references therein). However, the gravitational wave flux and the waveform, especially, are not yet known to such a high order for spinning binary inspiral sources.

High-accuracy waveforms and source-modeling are also important for matching post-Newtonian inspiral waveforms to numerical simulations of binary mergers for purposes of parameter estimation (see e.g., [6]) and for accurately calibrating phenomenological models like Effective One Body [7] and hybrid models [8–11]. These phenomenological models may be used to construct relatively cheap template banks without having to run a prohibitively large number of expensive numerical simulations of binary mergers. This is especially true if combined with an efficient template bank compression and representation scheme such as provided by the Reduced Basis method [12].

The Effective Field Theory (EFT) approach [13] offers an efficient and algorithmic computational framework compared to traditional methods [1, 14] and has rapidly made useful contributions towards the goal of 3.5PN-accurate inspiral waveforms. To date, this includes the calculation of the PN corrections to the binding potential, including spin angular momenta of the binary’s component masses, through 3PN order [2, 3, 13, 15–22], the spin1-spin2 terms computed at 4PN [23], the leading order radiation reaction force at 2.5PN [24], the multipole moments needed for calculating the gravitational wave flux through 3PN [25], and the moments needed for calculating the waveform amplitude corrections through 2.5PN [26].

In this paper, we calculate the radiation reaction forces that appear at 3.5PN order (spin effects do not enter radiation reaction until 4PN). In doing so, we nearly complete the PN equations of motion for the generic inspiral of a compact binary with spinning constituents as computed entirely in the EFT framework. Only the spin-orbit correction to the potential at 3.5PN order is remaining to be computed in EFT. This is a rather remarkable achievement given that the EFT approach was introduced almost eight years ago [13].

Computing radiative effects in the EFT approach presents a unique challenge since the formalism makes heavy use of an action formulation of the binary system. More specifically, it is well-known that Lagrangians and Hamiltonians are not generally applicable to dissipative systems, which would make computing the PN radiation reaction forces in EFT very difficult. In [24], it was indicated how this might be overcome using a language and notation from quantum field theory but was not given a rigorous foundation within a purely classical mechanical context. Nevertheless, as a demonstration of the formalism, the 2.5PN radiation reaction force and the gravitational waveform from the binary’s leading order quadrupole moment were computed [24] and shown to agree with existing results [27, 28], thus lending credibility to the method. Recently, one of us (CRG) gave a rigorous extension of Hamilton’s variational principle in [29] that yields a Lagrangian (and Hamiltonian) formulation that suitably and correctly describes generally dissipative systems. We use this formalism here, together with EFT, to compute the 3.5PN radiation reaction force and find agreement with previously published results [30, 31]. This agreement lends non-trivial confirmation for the validity of the extended variational principle for dissipative systems described in [29] (see also the examples given in that reference).

This paper is organized as follows. Section II gives an overview of the formalisms needed to compute the radiation reaction force at 3.5PN order in EFT. Specifically, Section II A reviews the EFT of compact binary inspirals and Section II B reviews the recently formulated extension of Hamilton’s variational principle for dissipative systems [29]. Section III discusses the computation of the 3.5PN radiation reaction force in EFT where agreement is shown with previous results [30, 31]. Section IV concludes the paper and Appendix A outlines in detail the EFT calculation of the leading order 2.5PN radiation reaction force of Burke and Thorne [27, 28].

II. OVERVIEW OF EFFECTIVE FIELD THEORY AND DISSIPATIVE MECHANICS

We begin by reviewing the effective field theory of compact binary inspirals, focusing mainly on the radiation sector, and end the section by reviewing how dissipative (e.g., radiative) effects can be handled within the newly developed mechanics for dissipative systems [29].

A. Effective field theory of compact binary inspirals

The EFT approach, introduced by Goldberger and Rothstein in [13], separately treats the relevant scales of the binary by successively “integrating out” the smaller scales thereby yielding a hierarchy of EFTs that are related to each other through so-called matching calculations. The effects of short-distance physics in a large-distance effective theory are parameterized in a manner consistent with the symmetries (e.g., general coordinate invariance) as discussed in more detail below.

The slow inspiral of compact binaries has three relevant scales, from smallest to largest: the size of the compact objects (COs) R_m, their orbital separation r, and the wavelength of the emitted gravitational waves λ. The first EFT describes the extended masses in the point particle approximation. To incorporate the finite size of the CO one appends to the point particle action all possible interaction terms that are consistent with general coordinate invariance and reparameterizations of the worldline. This leads to a worldline EFT, for one of the COs (e.g., spherical and non-spinning), that is described by the action [13]

S_{CO} = −m ∫ dτ + C_E ∫ dτ E_{αβ} E^{αβ} + C_B ∫ dτ B_{αβ} B^{αβ} + · · · (1) where E_{αβ} and B_{αβ} are the electric and magnetic parts of the Weyl curvature tensor. The coefficients C_E , C_B , . . . are determined via a matching calculation, wherein a chosen quantity is calculated in the effective theory and in the long-distance limit of the “full” theory for the CO. One can show that these extra terms in the action contribute to the binding potentials (due to induced quadrupole moments) starting at 5PN for non-spinning COs. We can therefore ignore these terms for the work presented here.

As one “zooms out” from R_m to the orbital radius r, the system is described by General Relativity coupled to two COs that are each described by the worldline EFT in (1). At this scale, the particles interact with two kinds of gravitational perturbations. The first describes the nearly instantaneous potentials that bind the two particles in orbit (for further details see [13]). The second is the long-wavelength GWs emitted by the binary.

As one “zooms out” from r, the binary itself is described in the point particle approximation by a composite object [13, 24, 32]. This composite object radiates gravitational waves from its time-dependent multipole moments that can be calculated by matching onto the radiative moments of the binary at the orbital scale. The worldline EFT for this radiating object has an action given by [32]

S_{rad}[x^μ, h_{μν} ] = − ∫ dτ M(τ) − 1 2 ∫ dτ L_{ab}(τ) [ Ω^{ab}_L + u^μω_μ^{ab}(τ) ] + 1 2 ∞∑ n=0 ∫ dτ c^{(I)}_n I^{aba1···an} (τ)∇_{a1} · · · ∇_{an} E_{ab}(x^μ)

+ 1 2 ∞∑ n=0 ∫ dτ c^{(J)}_n J^{aba1···an} (τ)∇_{a1} · · · ∇_{an} B_{ab}(x^μ) + · · · (2)

where x^μ(τ) are the worldline coordinates (τ beings its proper time), I^{aba1 ···an} (τ) and J^{aba1 ···an} (τ) are the symmetric, trace-free (STF) mass and current multipole moments, respectively, of the composite object [32, 33], Ω^{ab}_L is the angular frequency of the body’s rotation as measured in a locally flat Lorentz frame, and ω_μ^{ab} are the spin connection coefficients, which couple to the total angular momentum L^{ab} = −L^{ab}. Also, lower case roman letters takes values in {1, 2, 3}. The mass of the body is taken to be generally time-dependent M(τ) as the body may lose rest-mass energy, as measured by a distant observer, via gravitational wave emission. A local Lorentz frame is attached to the worldline such that e^μ_0 (τ) = u^μ(τ) = dx^μ/dτ and e^μ_a (τ) are space-like vectors that rotate with the body and thus account for its spin dynamics. The first several c^{(I,J)}_n coefficients are conventionally taken to be

c^{(I)}_0 = 1, c^{(J)}_0 = − 4 3 , c^{(I)}_1 = 1 3 . (3)

It is important to note that (2) describes any multipolar, extended body that has a size smaller than the wavelength of gravitational waves it emits. Therefore, (2) is a rather general and model-independent description of such a system. However, using the multipole moments computed in the PN expansion for compact binary inspirals [25, 33] one may use (2) to study radiative effects, such as radiation reaction, in compact binary systems.

As with any field theory coupled to point particles, including the EFTs reviewed here, divergences will appear. However, there are an infinite number of parameters in the theory (e.g., c^{(I)}n , c^{(J)}n ) so that divergences can always be absorbed into these coupling constants. Interestingly, these parameters can exhibit a classical renormalization group flow due to gravitational screening effects, which manifest as logarithmic divergences in the potentials. Unlike with traditional approaches for the PN expansion [1], divergences in the EFT approach have a natural place and interpretation in the context of renormalization group theory [13]. Spin angular momenta for the binary’s component masses can be included as in [2].

B. Classical mechanics for dissipative systems

Determining the evolution of the compact binary in EFT is achieved by integrating out the gravitational perturbations from the action. In practice, this is accomplished by solving for the gravitational perturbations and substituting these solutions into the original action to yield an effective action for the worldlines of the component masses [13, 34], which is efficiently carried out using Feynman diagrams [13]. This procedure is well-suited for conservative interactions, such as for computing PN corrections to the binding potential of a compact binary, but requires modification when studying dissipative systems, such as the inspiral of a compact binary due to the emission of gravitational radiation, the reason being that dissipative systems generally do not admit Lagrangian or Hamiltonian descriptions.

Recently, one of us (CRG) introduced a rigorous variational calculus for Hamilton’s principle of stationary action that includes systems exhibiting dissipative effects and thus generalizes the usual action principle [29]. The derivation and the details will not be given here but instead refer the reader to [29]. However, we will review the relevant formalism needed specifically for computing the radiation reaction force in this paper.

The total system formed by the gravitational perturbations h_{μν} and the worldlines of the compact bodies in a binary system, ⃗x_K (t) for K = 1, 2, is closed. Only when the gravitational perturbations are integrated out is the dynamics of the worldlines open. When integrating out the long wavelength gravitational perturbations at the level of the action one must be careful when applying Hamilton’s principle of stationary action to the effective action since it is formulated by specifying boundary conditions in time, not initial conditions. This observation may seem innocuous except that the resulting effective action for the worldlines describes conservative (i.e., non-dissipative) dynamics – the Green function for the gravitational perturbations that appear in the effective action are time-symmetric (as these are the ones satisfying boundary conditions according to Sturm-Liouville theory) and hence do not account for the dissipative effects of radiation reaction [24] .

To overcome this problem, one formally doubles the degrees of freedom [29] so that h_{μν} → (h_{μν1}, h_{μν2}) and ⃗x_K → (⃗x_{K1}, ⃗x_{K2}) then constructs the following action, S[⃗x_{K1}, ⃗x_{K2}, h_{μν1}, h_{μν2}] = S[⃗x_{K1}, h_{μν1}] − S[⃗x_{K2}, h_{μν2}] (4) where each action on the right side consists of the Einstein-Hilbert action (here, gauge-fixed in the Lorenz gauge and expanded around flat spacetime) and the worldline EFT action (2). Integrating out the long wavelength gravitational perturbations using Feynman diagrams at the desired PN order (see [24] for the Feynman rules of the radiation EFT and how to construct the Feynman diagrams) gives the effective action for the open dynamics of the binary’s inspiral. After all variations are performed one is free to identify the doubled variables with the physical ones so that, for example, ⃗x_{K1}, ⃗x_{K2} → ⃗x_K . This limit will be called the physical limit.

It is convenient, but not necessary, to change variables from the (1, 2) variables to ± variables where

⃗x_{K+} = ⃗x_{K1} + ⃗x_{K2} 2 (5) ⃗x_{K−} = ⃗x_{K1} − ⃗x_{K2} (6)

This change of variable is motivated by the physical limit since then ⃗x_{K−} → 0 and ⃗x_{K+} → ⃗x_K where ⃗x_K is the physical worldline of the K^{th} body. By computing the following variation [29], 0 = δS_{eff} [⃗x_{1±}, ⃗x_{2±}] δ⃗x_{K−}(t) | | |_{⃗xK−=0} ⃗x_{K+}=⃗x_K (7)

one obtains a set of worldline equations of motion that properly incorporates radiation reaction effects [24, 29]. It is important to note that (7) receives non-zero contributions from terms in the effective action that are perturbatively linear in ⃗x_{K−} or its time derivatives. Therefore, all terms of quadratic order or higher in any “−” variables can be dropped from the effective action for the purposes of deriving the worldline equations of motion. We will take advantage of this property in the course of the calculations below in Section III and Appendix A.

In the remaining sections, we compute the terms of the effective action at 3.5PN order by computing the corresponding Feynman diagrams in the extended action formalism of [29]. Once the effective action is derived in Section III, we then apply the variational principle in (7) to obtain the radiation reaction forces on the binary at 3.5PN order.

III. RADIATION REACTION THROUGH 3.5PN

In this section we lay out how to calculate the radiation reaction at 3.5PN in the EFT. However, the first nonconservative term in the acceleration enters at 2.5PN order and is due to radiation reaction. We include in Appendix A a detailed calculation of the radiation reaction at 2.5PN using the EFT. The 3.5PN terms can be derived similarly so we will often refer the reader to Appendix A for formulae.

The relative acceleration a^i = a^i_1 − a^i_2 for a non-spinning two-body system can be expanded as

a^i = a^i_0 + ϵa^i_1 + ϵ^2a^i_2 + ϵ^{2.5}a^i_{2.5} + ϵ^3a^i_3 + ϵ^{3.5}a^i_{3.5} + · · · (8)

where ϵ = 1 counts the post-Newtonian order. The motion through 2PN order is conservative, meaning that the motion can be characterized by the conserved total energy and angular momentum. Dissipative effects first arise at order 2.5PN due to gravitational radiation reaction. The 3PN terms are again conservative while the 3.5PN terms are the first post-Newtonian corrections to radiation reaction.

The first term in (8) is just the Newtonian acceleration,

a^i_0 = − m r^2 n^i, (9)

while the second term is the 1PN correction, derived from the Einstein-Infeld-Hoffmann (EIH) Lagrangian [35],

a^i_1 = −(3 + η) m r a^i − mη ⃗a · ⃗x r^2 n^i − 1 − 3η 2 v^2a^i − (1 − 3η)⃗v · ⃗a v^i − m r^2 { n^i [ − m r + 3 2 (1 + η)v^2 − 3 2 ηṙ^2 ] − v^iṙ(3 + η) }

(10) = − m r^2 { n^i [ −2(2 + η) m r + (1 + 3η)v^2 − 3 2 ηṙ^2 ] − 2(2 − η)ṙv^i } , (11)

where m is the total mass, η = m_1m_2/m^2 is the symmetric mass ratio, n^i = x^i/r with x^i = x^i_1 − x^i_2 the separation between the point masses, and v^i = dx^i/dt. The EIH Lagrangian was calculated using the EFT in [13, 15]. To go from Eq. (10) to Eq. (11) it is necessary to order-reduce by substituting the O(ϵ^0) expression for the acceleration. By including the acceleration at O(ϵ^{2.5}) when performing the order-reduction, we get a contribution to the 3.5PN acceleration. This will be discussed in more detail below. In the rest of this section we derive the radiation reaction through 3.5PN using the EFT.

FIG. 1: The Feynman diagram giving the contribution to the radiation reaction from the mass quadrupole. A and B label worldlines that have been doubled in the extended variational principle.

A. Feynman diagrams

To calculate the radiation reaction, we begin from the worldline action (2) and integrate out the electric and magnetic parts of the Weyl curvature tensor giving, to the order we require, the effective action

S^{3.5PN} eff = S_{mq} + S_{mo} + S_{cq}, (12)

where the terms on the right-hand side stand for mass quadrupole (mq), mass octupole (mo), and current quadrupole (cq), respectively. As discussed in Appendix A, at 2.5PN this is accomplished by calculating the diagram in Fig. 1. At 2.5PN, each vertex is given by the leading order mass quadrupole moment I^{ij} = I^{ij}_0 + O(ϵ) where

I^{ij}_0 = ∑ K m_K ( x^i_K x^j_K − 1 3 δ^{ij} x^2_K ) , (13)

and where K labels the worldlines in the binary K = 1, 2 and the subscript on I^{ij} denotes the (relative) PN order in ϵ. To calculate at 3.5PN, we need to include PN corrections to the mass quadrupole,

I^{ij} = I^{ij}_0 + ϵI^{ij}_1 + O(ϵ^{1.5}) = ∑ K m_K { x^i_K x^j_K + ϵ [( 3 2 v^2_K − ∑ L≠K Gm_L r ) x^i_K x^j_K + 11 42 d^2 dt^2 ( x^2_K x^i_K x^j_K ) − 4 3 d dt ( ⃗x_K · ⃗v_K x^i_K x^j_K ) ]} TF + O(ϵ^{1.5})

(14) = { μx^ix^j + ϵμ [( 29 42 (1 − 3η)v^2 − 1 7 (5 − 8η) m r ) x^ix^j + 1 21 (1 − 3η) ( 11r^2v^iv^j − 12rṙx^{(i}v^{j)} )]} TF + O(ϵ^{1.5}), (15)

where TF denotes taking the trace-free part of the enclosed expressions and in the last line we have gone to center-of-mass coordinates and μ = ηm is the reduced mass. However, the diagram in Fig. 1 is the same whether one includes the 1PN corrections to the mass quadrupole or not, so we get the effective action (A21) derived in Appendix A, namely, S_{mq} = G 5 ∫ dt I^{ij}_− (t)I^{(5)}_{ij+}(t). (16)

where I^{ij}_− ≡ I^{ij}_1 − I^{ij}_2 and I^{ij}_+ ≡ (I^{ij}_1 + I^{ij}_2 )/2, and I^{ij}_A for A = 1, 2 is the mass quadrupole moment formed by the A^{th} worldline (A labels the doubled worldlines, not the components of the two-body system, which is indexed by K = 1, 2). By expanding in ϵ, S_{mq} = G 5 [ ϵ^0 ∫ dtI^{ij}_{0−}(t)I^{(5)}_{0ij+} (t) + ϵ ∫ dtI^{ij}_{0−}(t)I^{(5)}_{1ij+}(t) + ϵ ∫ dtI^{ij}_{1−}(t)I^{(5)}_{0ij+}(t) + O(ϵ^{1.5}) ] . (17)

The first term corresponds to the 2.5PN radiation reaction, calculated in Appendix A. The second term can be treated similar to the 2.5PN term because the same factor of I^{ij}_{0−} will be functionally differentiated when applying Eq. (7). In the last term, however, we need to do a bit more work. It is easiest to use Eq. (14) and integrate by parts to move the derivatives in the last two pieces of the “−” mass quadrupole onto the “+” mass quadrupole in Eq. (17). Once that is done, it is straightforward to vary with respect to the “−” coordinates following Eq. (7). This will be done in Section III B.

There are two more diagrams that need to be calculated in order to get the effective action necessary to extract the 3.5PN radiation reaction force. First, there is a contribution from the mass octupole, as shown on the left-hand side of Fig. 2. Second, there is a contribution from the current quadrupole shown on the right-hand side of Fig. 2. These will be discussed in turn.

FIG. 2: The Feynman diagram giving the contributions to the radiation reaction from the mass octupole (left) and the current quadrupole (right).

Evaluating the octupole contribution we have iS_{mo} = 1 2 i^2 (6m_{pl})^2 ∫ dt ∫ dt^′ I^{ijk}_A (t) ⟨ E^A_{ij,k}(t)E^B_{lm,n}(t^′) ⟩ I^{lmn}_B (t^′), (18)

where E_{ij,k} = 1 2 (h_{00,ijk} + h_{ij,00k} − h_{j0,0ik} − h_{i0,0jk} ) . (19) Following the same procedure that is shown in Appendix A, we can write the integrand as I^{ijk}_A (t) ⟨ E^A_{ij,k}(t)E^B_{lm,n}(t^′) ⟩ I^{lmn}_B (t^′) = I^{ijk}_A (t)I_{ijkB} (t^′) [ 5 2 D^{(3)AB} + 5σD^{(4)AB} + σ^2D^{(5)AB} ] , (20)

where σ is the Synge world function defined in Eq. (A9) and the indices are now contracted with δ_{ij} . The quantities D^{AB} are given in Eq. (A7) and the numerical superscripts on D^{AB} indicate the number of derivatives with respect to σ. Thus the contribution to the effective action is iS_{mo} = − 1 72m^2_{pl} ∫ dt ∫ dt^′ I^{ijk}_A (t)I_{ijkB} (t^′) [ 5 2 D^{(3)AB} + 5σD^{(4)AB} + σ^2D^{(5)AB} ] (21) = 8πiG 9 ∫ dt ∫ dt^′ I^{ijk}_− (t)I_{ijk+} (t^′) [ 5 2 D^{(3)}_{ret} + 5σD^{(4)}_{ret} + σ^2D^{(5)}_{ret} ] . (22)

Changing variables from t^′ to s = t^′ − t, holding t fixed, we find using Eq. (A17) S_{mo} = 8πG 9 ∫ dt I^{ijk}_− (t) ∫ ds [ − 15 4s^5 dD_{ret}(s) ds + 15 4s^4 d^2D_{ret}(s) ds^2 − 5 4s^3 d^3D_{ret}(s) d3^2 + 1 4s d^5D_{ret}(s) ds^5 ] I_{ijk+}(t + s). (23)

Integrating by parts to put the derivatives on I_{ijk+}(t + s) and Laurent expanding to linear order in s, we find S_{mo} = 8πG 9 ∫ dt I^{ijk}_− (t) ∫ ds D_{ret}(s) [ 15 4s^6 I_{ijk+} (t) + 15 8s^4 I^{′′}_{ijk+} (t) − 5 32s^4

I^{(4)}_{ijk+} (t) − 1 64 I^{(6)}_{ijk+}(t) − s 42 I^{(7)}_{ijk+} (t) ] . (24)

The first four terms are divergent and are removed by regularization as described in Appendix A. Keeping only the finite term (i.e., the last one) and using Eq. (A22), we obtain S_{mo} = − G 189 ∫ dt I^{ijk}_− (t)I^{(7)}_{ijk+} (t). (25)

Since this contribution begins at order 3.5PN we only need the leading order mass octupole moment I^{ijk} = I^{ijk}_0 +O(ϵ) with

I^{ijk}_0 = ∑ K m_K ( x^i_K x^j_K x^k_K ) STF = −μ δm m ( x^ix^j x^k ) STF, (26)

where δm = m_1 − m_2 is the mass difference and STF indicates taking the symmetric, trace-free part of the enclosed expression. Varying Eq. (25) using Eq. (7) gives the mass octupole contribution to the radiation reaction force at order 3.5PN, the result of which will be given in Section III B.

The current quadrupole contribution follows similarly. Evaluating the diagram on the right-hand side of Fig. 2 we have iS_{cq} = 1 2 ( 2 3m_{pl} )_2 ∫ dt ∫ dt^′ J^{ij}_A (t) ⟨ B^A_{ij} (t)B^B_{kl}(t^′) ⟩ J^{kl}_B (t^′), (27) where B_{ij} is the magnetic part of the Weyl tensor, B_{ij} = ϵ_{iαβλ}C^{αβ}_{jρ}u^λu^ρ = ϵ_{iab}R^{ab}_{j0} + O(v), (28)

and the current quadrupole is given by

J^{ij} = ∑ K ( x^i_K L^j_K + 3 2 x^i_K S^j_K ) STF , (29)

where ⃗L is orbital angular momentum and ⃗S is the spin angular momentum. The spin contribution enters at 4PN so we can neglect the second term in the current quadrupole above.

To linear order, the magnetic Weyl tensor is B_{ij} = ϵ^{ab}_i ( h_{a0,bj} + h_{bj,a0} ) . (30)

Following the same method as discussed in the Appendix, we can write the action as iS_{cq} = − 2 3m^2_{pl} ∫ dt ∫ dt^′ J^{ij}_A (t) [ σD^{′′AB} (σ) ]_′ J_{ijB} (t^′) (31) = 128πiG 3 ∫ dt ∫ dt^′ J^{ij}_− (t) [ σD^{′′}_{ret}(σ) ]_′ J_{ij+}(t^′) (32)

Changing variables from t^′ to s, integrating by parts, and Laurent expanding as before we obtain S_{cq} = − 64πG 3 ∫ dt J^{ij}_− (t) ∫ ds D_{ret}(s) [ − 3 s^4 J_{ij+}(t) − 1 2s^2

J^{(2)}_{ij+}(t) + 3 8 J^{(4)}_{ij+}(t) + 4s 15 J^{(5)}_{ij+}(t) ] . (33)

Again, the first three terms are divergent and are removed by regularization. Therefore, we obtain S_{cq} = − 64G 45 ∫ dt J^{ij}_− (t)J^{(5)}_{ij+}(t). (34)

B. Radiation reaction force

We are now ready to vary the action, Eq. (12), to obtain the equations of motion. Since after varying we will set all the “−” variables to zero, we just need to vary with respect to the minus coordinates, using Eq. (7), or

F^i_K (t) = [ ∂L_{eff} ∂x_{Ki−}(t) − d dt ( ∂L_{eff} ∂ẋ_{Ki−}(t) )] ⃗x_{K−}=0 ⃗x_{K+}=⃗x_K (35)

where the effective Lagrangian is given by S_{eff} = ∫ dt L_{eff} (t).

There are two contributions at order 3.5PN from the mass quadrupole piece, as discussed below Eq. (17). The easier one is when the lowest order mass quadrupole has the minus coordinates. In that case, we get a^i_{mq,1} = − 2G 5 x^j I^{(5)}_{1,ij} (36)

where x^j is the relative coordinate. To get the other mass quadrupole piece from Eq. (17), first substitute the 1PN part of Eq. (14) into the action for the minus coordinates, integrate by parts to remove the explicit derivatives (so that there are no acceleration terms appearing) and then vary with respect to the minus coordinates. This gives a^i_{mq,2} = G 105 (1 − 3η) ( 17x^ix^j − 11r^2δ^{ij} ) x^kI^{(7)}_{jk} + G 15 (1 − 3η) ( 8x^ix^j v^k − 8⃗x · ⃗v x^kδ^{ij} + 9v^ix^j x^k ) I^{(6)}_{jk} + 3G 5 (1 − 3η) ( 2v^ix^j v^k − m r^3 x^ix^j x^k − v^2x^kδ^{ij} ) I^{(5)}_{jk} + G 5 m r (1 − 2η) ( 2x^kδ^{ij} − 1 r^2 x^ix^j x^k ) I^{(5)}_{jk} . (37)

The mass octupole contribution is, from Eq. (25), a^i_{mo} = − G 63 μ δm m x^j x^kI^{(7)}_{ijk} , (38)

while the current quadrupole piece is, from Eq. (34), a^i_{cq} = 16G 45 δm m ( 2x^j v^kϵ^{ikl}J^{(5)}_{jl} + x^kv^j ϵ^{ikl}J^{(5)}_{jl} − x^j v^kϵ^{kjl}J^{(5)}_{il} + x^j x^kϵ^{ikl}J^{(6)}_{jl} ) . (39)

There is one more place where we get a contribution to the 3.5PN radiation reaction. We must substitute the 2.5PN radiation reaction for the accelerations that appear on the right hand side of the 1PN acceleration in Eq. (10). Doing this gives

a^i_{reduced} = 2G 5 [ (3 + η) m r x^k δ^{ij} + m r^3 ηx^ix^j x^k + 1 2 (1 − 3η)v^2x^k δ^{ij} + (1 − 3η)v^ix^j v^k ] I^{(5)}_{jk} . (40)

Combining all these terms, the 3.5PN acceleration is

a^i_{3.5} = a^i_{mq,1} + a^i_{mq,2} + a^i_{mo} + a^i_{cq} + a^i_{reduced} = − 2G 5 x^j I^{(5)}_{1,ij} + G 105 (1 − 3η)(17x^ix^j − 11r^2δ^{ij} )x^kI^{(7)}_{jk} + 1 15 (1 − 3η)(9v^ix^j + 8v^j x^i − 8⃗x · ⃗v δ^{ij} )x^kI^{(6)}_{jk} + G 5 [ 8(1 − 3η)v^iv^j − (4 − 13η) m r^3 x^ix^j ] x^kI^{(5)}_{jk} − 2G 5 [ (1 − 3η)v^2 − (4 − η) m r ] x^k I^{(5)}_{ik} − G 63 δm m x^j x^k I^{(7)}_{ijk} + 16G 45 δm m ( 2x^j v^kϵ^{ikl}J^{(5)}_{jl} + x^kv^j ϵ^{ikl}J^{(5)}_{jl} − x^j v^kϵ^{kjl}J^{(5)}_{il} + x^j x^kϵ^{ikl}J^{(6)}_{jl} ) , (41)

where the all the moments are evaluated at lowest order except for I^{(5)}_{1,ij} , which is the 1PN contribution. This agrees with Eq. (3.15) in Ref. [31].

IV. CONCLUSION

In this paper we computed the radiation reaction forces at the 3.5PN order for a compact binary inspiral using the effective field theory approach. To accomplish this, we utilized a recently introduced extension of Hamilton’s variational principle of stationary action [29] that properly incorporates dissipative effects (e.g., radiation reaction) within a Lagrangian or Hamiltonian formalism.

We find agreement between our 3.5PN radiation reaction forces and those of Iyer and Will [30, 31]. We also derive the Burke-Thorne 2.5PN radiation reaction force [27, 28], first demonstrated in the EFT approach in [24], in detail in an appendix. The agreement between our results and previous results gives a strong, non-trivial check that the extended action principle formalism for dissipative mechanics (briefly discussed in Section II B, its need emphasized in [24], and given a proper rigorous framework in [29]) is the correct formalism for describing dissipative effects in a dynamical system.

Combined with previous results from the EFT community, our work nearly completes the equations of motion for a spinning compact binary through 3.5PN order and derived entirely using the EFT approach. These previous works include: the 1PN [13, 15], 2PN [16], and 3PN [17] non-spinning corrections to the Newtonian potential; the 1.5PN [2] and 2.5PN [18–20] spin-orbit corrections; the 2PN [2] and 3PN [2, 3, 21, 22] spin-spin corrections; and the 2.5PN [24] and now 3.5PN [this paper] radiation reaction forces. The only contribution remaining to be computed through 3.5PN is from the 3.5PN spin-orbit correction to the potential.

This work also paves the way for higher order radiation reaction calculations in EFT, including the conservative contribution from the radiative back-scattering of gravitational waves off the total mass of the binary spacetime (i.e., the 4PN tail term [36–39]) and the 4PN contribution from the spin-orbit coupling of the current quadrupole [39, 40].

V. ACKNOWLEDGMENTS

We thank Ira Rothstein for useful discussions. CRG was supported by an appointment to the NASA Postdoctoral Program at the Jet Propulsion Laboratory administered by Oak Ridge Associated Universities through a contract with NASA. AKL was supported in part by the National Science Foundation under Grant No. PHY-0854782. Copyright 2012. All rights reserved.

Appendix A: Radiation reaction at 2.5PN

To calculate the radiation reaction, we begin by using the worldline action in Eq. (2) and “integrate out” the electric and magnetic parts of the Weyl curvature tensor. This is accomplished by calculating the diagram in Fig. (1), where at order 2.5PN the mass quadrupole moment is given in Eq. (13). In the dissipative mechanics formulation [29] of the EFT the contribution to the effective action from this diagram is iS^{2.5PN} eff = 1 2 i^2 (2m_{pl})^2 ∫ dt ∫ dt^′ I^{ij}_A (t) ⟨ E^A_{ij} (t)E^B_{kl} (t^′) ⟩ I^{kl}_B (t^′) (A1)

The Feynman rules that tell how to translate Fig. 1 into Eq. (A1) are given in [24]. Here A and B are indices that label the doubled variables (see Sec. II B), which will be called history indices, and the effective action is independent of the basis chosen for the fields. For our purposes, it is convenient to work with the basis in which the history indices are A, B = ±.

The electric part of the Weyl tensor is given in terms of the metric perturbations to linear order by E_{ij} = R_{αiβj} u^αu^β = 1 2 [∂_i∂_j h_{00}(t, x) + ∂_0∂_0h_{ij} (t, x) − ∂_0∂_ih_{j0}(t, x) − ∂_0∂_j h_{i0}(t, x)] + O(h^2). (A2)

The two-point function in Eq. (A1) is then ⟨ E^A_{ij} (t)E^B_{kl} (t^′) ⟩ = 1 4 ⟨ [h^A_{00,ij} (t) + h^A_{ij,00}(t)][h^B_{00,kl}(t^′) + h^B_{kl,00}(t^′)] ⟩ + 1 4 ⟨ [h^A_{i0,j0}(t) + h^A_{j0,i0}(t)][h^B_{k0,l0}(t^′) + h^B_{l0,k0}(t^′)] ⟩ , (A3) where we have evaluated the radiation fields at the binary’s center of mass (taken to be at the origin of our spatial coordinates) so that h_{αβ} (t) ≡ h_{αβ} (t,⃗0) and have used

⟨h_{i0}(t)h_{kl}(t^′)⟩ ∝ P_{i0kl} = 0, (A4)

with P_{αβγδ} = 1 2 (η_{αγ} η_{βδ} + η_{αδ} η_{βγ} − η_{αβ} η_{γδ}). (A5) In terms of the field propagators, the two-point function is ⟨ E^A_{ij} (t)E^B_{kl} (t^′) ⟩ = 1 8 ( ∂_i∂_j ∂_k′ ∂_l′ + 2P_{ijkl}∂^2_0 ∂^2_0′ − η_{ij} ∂^2_0 ∂_k′ ∂_l′ − η_{kl}∂_i∂_j ∂^2_0′ ) D^{AB} (t − t^′,⃗0) + 1 8 (η_{ik} ∂_j ∂_0∂_l′ ∂_0′ + η_{jl}∂_i∂_0∂_k′ ∂_0′ + η_{il}∂_j ∂_0∂_k′ ∂_0′ + η_{jk} ∂_i∂_0∂_l′ ∂_0′ ) D^{AB} (t − t^′,⃗0), (A6)

where the prime on the spacetime index of a derivative means that it is a derivative with respect to x^{′μ} and the matrix of (scalar) propagators in the ± basis is D^{AB} = ( 0 −iD_{adv} −iD_{ret} 0 ) . (A7)

Since the two-point function is contracted with I^{ij}_A and I^{kl}_B , which are symmetric and trace-free, a number of these terms will drop, leaving I^{ij}_A (t) ⟨ E^A_{ij} (t)E^B_{kl} (t^′) ⟩ I^{kl}_B (t^′) = 1 8 I^{ij}_A (t) [( ∂_i∂_j ∂_k′ ∂_l′ + 2η_{ik}η_{jl}∂^2_0 ∂^2_0′ ) D^{AB} (t − t^′,⃗0) ] I^{kl}_B (t^′) + 1 2 I^{ij}_A (t) [ η_{ik} ∂_j ∂_0∂_l′ ∂_0′ D^{AB} (t − t^′,⃗0) ] I^{kl}_B (t^′). (A8)

The propagators can be written in terms of Synge’s world function σ(x^α, x^{′α}) = 1 2 η_{αβ} (x^α − x^{′α})(x^β − x^{′β} ) = 1 2 (t − t^′)^2 − 1 2 (⃗x − ⃗x^′)^2. (A9)

Therefore, by use of the chain rule, we can simplify Eq. (A8) to I^{ij}_A (t) ⟨ E^A_{ij} (t)E^B_{kl} (t^′) ⟩ I^{kl}_B (t^′) = I^{ij}_A (t)I_{ijB} (t^′) [ 3 2 D^{′′AB} + 2(t − t^′)^2D^{(3)AB} + 1 4 (t − t^′)^4D^{(4)AB} ] (A10)

= I^{ij}_A (t)I_{ijB} (t^′) [ − 1 2 D^{′′AB} + ( σ^2D^{′′AB} )_{′′} ] , (A11)

where the derivatives on D^{AB} are with respect to σ. Plugging this back into the effective action, Eq. (A1), we have iS^{2.5PN} eff = − 1 8m^2_{pl} ∫ dt ∫ dt^′ I^{ij}_A (t)I_{ijB} (t^′) [ − 1 2 D^{′′AB} + ( σ^2D^{′′AB} )_{′′} ] . (A12)

Summing over the history indices A, B = ± and using Eq. (A7) gives iS^{2.5PN} eff = i 8m^2_{pl} ∫ dt ∫ dt^′ { I^{ij}_− (t)I_{ij+} (t^′) [ − 1 2 D^{′′}_{ret} + ( σ^2D^{′′}_{ret} )_{′′} ]

+ I^{ij}_+ (t)I_{ij−}(t^′) [ − 1 2 D^{′′}_{adv} + ( σ^2D^{′′}_{adv} )_{′′} ]} (A13) = 8πiG ∫ dt ∫ dt^′I^{ij}_− (t)I_{ij+}(t^′) [ − 1 2 D^{′′}_{ret}(σ) + ( σ^2D^{′′}_{ret}(σ) )_{′′}] , (A14)

where in the last line we have used m^{−2}_{pl} = 32πG and the identity between the retarded and advanced propagators D_{adv}(x, x^′) = D_{ret}(x^′, x). (A15) The next step is to write the integral in the effective action in a quasi-local expansion about the point t^′ = t, which is when the retarded propagator has non-vanishing support. To do so, define the time difference as

s = t^′ − t, (A16)

so that σ = s^2 2 . (A17)

By changing variables to t and s and by integrating by parts to remove the derivatives on the propagators, we can write the effective action as

S^{2.5PN} eff = 8πG ∫ dtI^{ij}_− (t) ∫ ds D_{ret}(s) [ − 3 4 d ds ( I_{ij+}(t + s) s^3 ) − 3 4 d^2 ds^2 ( I_{ij+}(t + s) s^2 ) − 1 2 d^3 ds^3 ( I_{ij+}(t + s) s )

+ 1 4 d^4I_{ij+}(t + s) ds^4 ] . (A18)

The retarded propagator is proportional to D_{ret}(s,⃗0) ∝ δ(s) s , (A19)

so we Laurent expand the terms in the square brackets up O(s),

S^{2.5PN} eff = 8πG ∫ dtI^{ij}_− (t) ∫ ds D_{ret}(s) [ 3 s^4

I_{ij+}(t) + 3 8s^2 I^{′′}_{ij+}(t) + 1 32 I^{(4)}_{ij+}(t) + s 10 I^{(5)}_{ij+}(t) ] . (A20)

The first three terms are power divergent and are thus zero in dimensional regularization. If we picked a different regularization scheme, these terms will end up renormalizing either the mass or other (possibly gauge-violating) terms in the action (see [41] for further discussion on this point). We thus can remove them and keep only the finite term (the last one),

S^{2.5PN} eff = 4πG 5 ∫ dtI^{ij}_− (t)I^{(5)}_{ij+} (t) ∫ ds s D_{ret}(s) = G 5 ∫ dtI^{ij}_− (t)I^{(5)}_{ij+} (t), (A21) where we have used ∫ ds s D_{ret}(s) = 1 4π . (A22)

To get the equations of motion once we have the above action, we vary in the usual way with respect to the worldline coordinates for each body. At the end of the calculation we set the history indices to be the same so that all the “−” variables are set to zero. Therefore, to get a non-zero result, we just need to vary with respect to the minus coordinate as in Eq. (7), or

F^i_K (t) = [ ∂L^{2.5PN} eff ∂x_{Ki−}(t) − d dt ( ∂L^{2.5PN} eff ∂ẋ_{Ki−}(t) )] ⃗x_{K−}=0 ⃗x_{K+}=⃗x_K (A23)

where the effective Lagrangian is given by S^{2.5PN}_{eff} = ∫ dt L^{2.5PN}_{eff} (t). Using the leading PN mass quadrupole moment, Eq. (13), we get

F^i_K = 2Gm_K 5 x_{Kj} d^5I^{ij} (t) dt . (A24)

We have been using the mostly-minus convention for the metric, so for the spatial components η^{ij} = −δ^{ij} . Switching now to contracting indices with δ^{ij} we have

F^i_K = − 2Gm_K 5 x_{Kj} d^5I^{ij} (t) dt . (A25)

We thus recover the Burke-Thorne force [27, 28] using the EFT [24].

[1] Blanchet L 2006 Living Reviews in Relativity 9 URL http://www.livingreviews.org/lrr-2006-4 [2] Porto R A 2006 Phys.Rev. D73 104031 (Preprint gr-qc/0511061) [3] Porto R A and Rothstein I Z 2006 Phys. Rev. Lett. 97 021101 (Preprint gr-qc/0604099) [4] Porto R A and Rothstein I Z 2008 Phys. Rev. D 78 044013 (Preprint 0804.0260) [5] Hartung J and Steinhoff J 2011 Annalen Phys. 523 783 (Preprint 1104.3079) [6] MacDonald I, Nissanke S and Pfeiffer H P 2011 Class.Quant.Grav. 28 134002 (Preprint 1102.5128) [7] Buonanno A and Damour T 1999 Phys. Rev. D59 084006 (Preprint gr-qc/9811091) [8] Ajith P et al. 2007 Class. Quant. Grav. 24 S689–S700 (Preprint 0704.3764) [9] Ajith P et al. 2008 Phys. Rev. D77 104017 (Preprint 0710.2335) [10] Ajith P, Hannam M, Husa S, Chen Y, Bruegmann B et al. 2011 Phys.Rev.Lett. 106 241101 (Preprint 0909.2867) [11] Santamaria L, Ohme F, Ajith P, Bruegmann B, Dorband N et al. 2010 Phys.Rev. D82 064016 (Preprint 1005.3306) [12] Field S E, Galley C R, Herrmann F, Hesthaven J S, Ochsner E et al. 2011 Phys.Rev.Lett. 106 221102 (Preprint 1101.3765) [13] Goldberger W and Rothstein I 2006 Phys. Rev. D73 104029 (Preprint hep-th/0409156) [14] Toshifumi Futamase Y I 2007 Living Reviews in Relativity 10 URL http://www.livingreviews.org/lrr-2007-2 [15] Kol B and Smolkin M 2008 Class.Quant.Grav. 25 145011 (Preprint 0712.4116) [16] Gilmore J B and Ross A 2008 Phys. Rev. D78 124021 (Preprint 0810.1328) [17] Foffa S and Sturani R 2011 Phys.Rev. D84 044031 (Preprint 1104.1122) [18] Perrodin D L 2010 (Preprint 1005.0634) [19] Porto R A 2010 Class. Quant. Grav. 27 205001 (Preprint 1005.5730) [20] Levi M 2010 Phys.Rev. D82 104004 (Preprint 1006.4139) [21] Porto R A and Rothstein I Z 2007 (Preprint 0712.2032) [22] Porto R A and Rothstein I Z 2008 Phys. Rev. D 78 044012 (Preprint 0802.0720) [23] Levi M 2012 Phys.Rev. D 85 064043 (Preprint 1107.4322) [24] Galley C R and Tiglio M 2009 Phys. Rev. D79 124027 (Preprint 0903.1122) [25] Porto R A, Ross A and Rothstein I Z 2011 JCAP 1103 009 (Preprint 1007.1312) [26] Porto R A, Ross A and Rothstein I Z 2012 (Preprint 1203.2962) [27] Burke W L and Thorne K S 1970 Relativity ed Carmeli M, Fickler S I and Witten L (Plenum, New York) pp 209–228 [28] Burke W L 1971 J. Math. Phys. 12 401 [29] Galley C R The classical mechanics of dissipative systems (in preparation). [30] Iyer B R and Will C 1993 Phys.Rev.Lett. 70 113–116 [31] Iyer B R and Will C 1995 Phys.Rev. D52 6882–6893 [32] Goldberger W D and Ross A 2010 Phys. Rev. D81 124015 (Preprint 0912.4254)

[33] Ross A 2012 (Preprint 1202.4750) [34] Kol B and Smolkin M 2008 Phys.Rev. D77 064033 (Preprint 0712.2822) [35] Einstein A, Infeld L and Hoffmann B 1938 Ann. Math. 39 65 [36] Blanchet L and Damour T 1988 Phys. Rev. D37(6) 1410–1435 [37] Blanchet L 1993 Phys. Rev. D47(10) 4392–4420 [38] Foffa S and Sturani R 2011 (Preprint 1111.5488) [39] Galley C R and Leibovich A K (in preparation) [40] Wang H, Steinhoff J, Zeng J and Schafer G 2011 Phys.Rev. D84 124005 (Preprint 1109.1182) [41] Galley C R, Leibovich A K and Rothstein I Z 2010 Phys. Rev. Lett. 105 094802 (Preprint 1005.2617)