arXiv:1105.1897v1 [gr-qc] 10 May 2011 epl draft

Large scale EPR correlations and cosmic gravitational waves

B. Lamine^1, R. Hervé^1, M.-T. Jaekel^2, A. Lambrecht^1 and S. Reynaud^1

1 Laboratoire Kastler Brossel - ENS, UPMC, CNRS, Campus Jussieu, F-75252 PARIS, France 2 Laboratoire de Physique Théorique - ENS, UPMC, CNRS, 24 rue Lhomond, F-75231 PARIS, France

PACS 03.65.Ud – Entanglement and quantum nonlocality PACS 03.65.Yz – Decoherence; open systems; quantum statistical methods PACS 04.30.-w – Gravitational waves

Abstract. - We study how quantum correlations survive at large scales in spite of their exposition to stochastic backgrounds of gravitational waves. We consider Einstein-Podolski-Rosen (EPR) correlations built up on the polarizations of photon pairs and evaluate how they are affected by the cosmic gravitational wave background (CGWB). We evaluate the quantum decoherence of the EPR correlations in terms of a reduction of the violation of the Bell inequality as written by Clauser, Horne, Shimony and Holt (CHSH). We show that this decoherence remains small and that EPR correlations can in principle survive up to the largest cosmic scales.

It has long ago been suggested by Feynman that gravitation could be at the origin of a universal decoherence mechanism preventing macroscopic systems to exhibit quantum coherence properties [1]. This idea has been considered since that time through the study of different mechanisms [2–7], some of them involving Planck-scale physics [8–10].

These important theoretical questions can also be addressed as experimental challenges. In particular the following questions have been discussed in this context [11] : (i) are quantum interferences limited to microscopic objects having masses or energies smaller than some intrinsic limit ? (ii) are quantum correlations limited to experiments performed on length scales smaller than some intrinsic limit ? These two questions have led to efforts for producing evidence for quantum interferences with larger and larger molecules [12] as well as quantum correlations on larger and larger distances [13]. Up to now, the reported limits are associated with practical rather than fundamental issues. Efforts are going on for mastering these technical limitations and approaching closer and closer the underlying fundamental questions in future experiments [11, 14].

Here, we will study the effect of the unavoidable interaction with the gravitational waves backgrounds which pervade our spacetime environment. It has already been shown that such an interaction was responsible for an intrinsic decoherence mechanism in atomic interferometry. The mechanism is more and more efficient for larger and larger masses, but it depends also on other parameters. With this model of spacetime fluctuations, it is possible to associate quantitative estimations to the qualitative Feynman argument, using only known gravitational physics, astrophysics and cosmology [15].

In the present paper, we give quantitative estimations for the case of Einstein-Podolski- p-1

Rosen (EPR) quantum correlations between polarization entangled pairs of photons [16]. Precisely, we study how the violation of the Bell inequality [17], under the form written by Clauser, Horne, Shimony and Holt (CHSH) [18], is affected after the propagation of photons over some large distance. We evaluate the effect of the binary confusion background (BCB) and of the cosmic gravitational wave background (CGWB) [19]. The former is a classical background resulting from the confusion of gravitational waves emitted in the Galaxy and its vicinity. The latter, predicted to have been created from quantum fluctuations of the metric in primordial cosmology [20], is essentially characterized by the dimensionless parameter Ω_{gw} which measures the energy density of gravitational waves with respect to the critical density energy.

The main result of the paper will be that the reduction of the violation of CHSH inequality is bound by the value of Ω_{gw} and therefore remains small even after propagation at the largest cosmic distances. This means that EPR polarization entanglement is predicted to survive at these extreme scales without being washed out by the interaction with gravitational waves backgrounds.

Polarization entangled photon pairs. – The Bell test experiment considered in this paper is schematized on the spacetime diagram of fig. 1. A source S (placed for example on Earth) sends pairs of polarization entangled photons towards two detectors A and B. The geodesic motion of S, A and B is represented by the worldlines which are nearly vertical of fig. 1 (their velocities are much smaller than c). The lines inclined at ±45^∘ with respect to the space and time axis correspond to the propagation of the photons over a time of flight τ.

Fig. 1: Spacetime diagram associated with a Bell test experiment with polarization entangled photon pairs; the nearly vertical lines represent the motions of the source S and detectors A and B while the inclined lines correspond to photons from source to detectors; τ is the time of flight from S to A or B and T is the integration time needed to estimate correlations.

The source S emits pairs of polarization entangled photons. We consider that the corresponding two-photon state has a null momentum and a null spin (singlet state). From conservation and parity arguments [21], it is thus deduced that the photon pairs are described by a Bell state

|ψ_S⟩ = 1 √ 2 (|R_← , R_→⟩ − |L_← , L_→⟩) , (1) where R and L denote right-handed and left-handed circular polarizations while ← and → refer to the photons propagating from S towards respectively A and B. One of the latter observers, say A, measures the polarization of photons with polarization beam splitters and photodetectors. He attributes + and − values to detections in the two polarization channels, when the polarization measurement setup has a local orientation defined by the angle Θ_A. p-2

The origin of this orientation is defined by a local reference. The observers A and B count the coincidences over a measurement time T for the 4 possibilities ++, +−, −+ and −−, and they measure probabilities (average numbers for each possibility divided by the number of all coincidences)

P_{++} = P_{−−} = | | | | e^{iΘ} − e^{−iΘ} 2 | | | | 2 = sin^2 Θ 2 , P_{+−} = P_{−+} = | | | | e^{iΘ} + e^{−iΘ} 2 | | | | 2 = cos^2 Θ 2 , Θ = Θ_B − Θ_A . (2)

The two observers A and B then evaluate correlation functions E and S defined respectively for 2 and 4 orientations of the polarization measurement setups [18]

E^{AB} = P_{++} + P_{−−} − P_{+−} − P_{−+} = − cos (2Θ) ,

S = E^{AB} − E^{AB′} + E^{A′ B} + E^{A′B′} . (3)

Should the conditions of Bell theorem be obeyed [17], the following CHSH inequality would be deduced [18] |S| ≤ 2 (4) As is well known, this inequality is violated by the polarization entangled photon pairs described by the preceding equations (1-3). The maximum violation is predicted for example with the angles Θ_A = 0, Θ_B = π/8, Θ^′_A = π/4 and Θ^′_B = 3π/8, which lead to |S_{max}| = 2 √ 2. We want to stress at this point that the effects of gravitation have been ignored in the discussion up to now. In particular, the orientation of the polarization measurements setups at A and B raises no fundamental question in the absence of spacetime curvature but it has to be carefully defined in the context of general relativity. We note that the orientation can be controlled by using the expression (3), allowing the two remote observers to exploit the available quantum correlations to get a relation between the angles Θ_A and Θ_B.

Effect of gravitational fields. – We now consider the same problem in general relativity, taking into account the effect of gravitational fields, and in particular gravitational waves, on polarization entangled photon pairs. To this aim, we have to study the propagation of polarized electromagnetic fields in general relativity. The dominant effect is a rotation of the polarization of light along the ray [22]. The use of this effect for the purpose of detecting gravitational waves has been studied [23, 24] as well as its possible contribution to decoherence [25]. Here, we consider the decoherence of the photon pairs due to the interaction with the gravitational waves background.

In order to treat consistently this problem in general relativity, one has to deal not only with the polarization of electromagnetic field but also with the orientation of the local reference axis at the two observers. In the eikonal approximation which is sufficient for the purpose of this letter, both problems are treated by solving the geodesic equation for the motion and parallel transport for the polarization of light and orientation of the polarizers. It is only by taking both effects into account that one obtains a properly defined observable, associated with a gauge invariant expression. In the following, we use the results of detailed calculations presented in [26].

A proper observable is defined by comparing the rotation of the photon polarization along the ray → from the source S to the detector B and the rotation of local reference orientations at the source and detector. At first order in the gravitational perturbation, this observable has the following expression

α_→(t) = 1 2 ∫_{ct+cτ} ct (∂_1h_{23} − ∂_2h_{13})dσ . (5)

p-3

The integral is taken along the unperturbed path of the photons from the time t to the time t + τ, with τ the time of flight and σ the time parameter along this path. The notations for the metric are the same as in [27] and the expression (5) is written for a propagation along the direction x_3. The angle α_→ and the similarly defined α_← are gauge invariant observables.

Considering first the case of stationary gravitational fields, we see that eqs.(2,3) are changed as follows

P_{++} = P_{−−} = | | | e^{iΘ}e^{−iα} − e^{−iΘ}e^{iα} 2 | | | 2 , P_{+−} = P_{−+} = | | | e^{iΘ}e^{−iα} + e^{−iΘ}e^{iα} 2 | | | 2 , E^{AB}_g = − cos (2(Θ − α)) , α = α_→ − α_← . (6)

A comparison of (6) with (3) shows that that stationary gravitational fields lead to a relative rotation of the orientations at A and B, taking into account the parallel transport of photon polarization as well as that of orientation of the polarizers. The structure of the formula can also be understood in analogy with an interferometric signal : the rotation of linear polarizations is indeed equivalent to different dephasings e^{±iα} for the two circular polarization states. Using this analogy, we will be able in the next sections to use results already known for interferometers and apply them to the case of Bell test experiment.

Up to now we have supposed that the angle α is time independent or at least that is varies slowly enough so that it does not affect the measurements during the integration time T . In this case, the already discussed trick can still be used : the two observers at A and B can in fact compensate for the slow effect of gravitational fields by adjusting their local orientation references. It follows that the maximum violation of Bell’s inequality is not affected, though the orientation of the polarizers may have to be changed in order to attain it. Of course, this can no longer be the case when rapid fluctuations cause a blurring of the correlation and lead to a decrease of the maximum violation of CHSH inequality. We focus the discussion on this effect in the sequel of this letter.

Effect of stochastic gravitational waves. – We now discuss the effect of stochastic backgrounds of gravitational waves, which produce not only drifts but also fluctuations.

We first remind that two stochastic backgrounds are usually studied. The so-called binary confusion background (BCB) is the sum of signals of all unknown binaries in our Galaxy and its vicinity. Its stochastic nature is only due to the confusion of a large number of poorly known sources. In particular, each binary system produces a classical gravitational wave, so that the superposition of all contributions remains a classical stochastic background. In contrast, the cosmological gravitational wave background (CGWB) stems from quantum fluctuations created during the primordial cosmic era and then amplified by a huge factor through their coupling to the evolution of Universe [20].

Gravitational waves may be described in linearized general relativity and the fluctuations of the metric field described by correlation functions (all notations are as in [27]). The backgrounds appear stationary for not too long observations. We also use simple assumptions of unpolarized and isotropic backgrounds, which are valid for the CGWB and first approximations for the BCB. All information about the backgrounds is thus contained in the one-sided spectral density S_{gw} [19]

S_{gw}[ω] = ∫_∞ −∞ dt exp (−iωt) ⟨h(t)h(0)⟩ , (7) where h is any one of the amplitudes h_{12} or (h_{11} − h_{22})/2 (or other ones obtained after spatial rotations). The spectrum S_{gw} can equivalently be described as a spectral density p-4 of energy, or a number of graviton per mode n_{gw} (much larger than unity for all modes of interest),

ℏωn_{gw}[ω] =

5c^5 16G S_{gw}[ω] . (8)

For the CGWB, the spectrum S_{gw} is often written as

S_{gw} =

12πH^2_0 5ω^3

Ω_{gw} , (9)

where H_0 is the present day Hubble rate (H_0 = ȧ/a where a is the cosmic size parameter) while the dimensionless quantity Ω_{gw} represents the energy density of the background compared to the present value of the critical energy density for closing the Universe.

Fig. 2: Spectra Sgw considered in the discussions : the full (blue) line corresponds to the CGWB with Ωgw = 10^{−14} and the dashed (red) line to the BCB (model given in [29]).

The parameter Ω_{gw} might depend on frequency but it is often considered as constant over broad frequency intervals. Though the CGWB has not been detected up to now, constraints on the value of Ω_{gw} may be drawn from a variety of observations [19]. In particular, Ω_{gw} has to be smaller than a few 10^{−14} at ω ∼ 10^{−16}Hz (cosmic limit), a few 10^{−8} at ω ∼ 10^{−8}Hz (pulsar limit), and a few 10^{−6} at ω ∼ 10^2Hz (laser interferometry limit) [28]. We have drawn as the full (blue) line on Fig.2 the spectrum S_{gw} corresponding to the CGWB with Ω_{gw} = 10^{−14}. For the sake of comparison, we have shown as the dashed (red) line on the same plot the spectrum corresponding in the BCB, with the model given in [29]. These two spectra will be used for some computations in the sequel of this letter.

Using equations (5-7), it is now possible to deduce the correlation function E_{gw} now obtained after a double averaging over the gravitational environment and over the measurement time E^{AB}_{gw} = −⟨cos (2(Θ − α)⟩ , (10) where the symbols ⟨ ⟩ and ¯ represent respectively a trace over the stochastic gravitational waves background and an averaging over the measurement time T . In a linearized treatment, the variable α has a gaussian distribution so that the correlation function E^{AB}_{gw} can be rewritten

E^{AB}_{gw} = C cos ( 2Θ − 2⟨α⟩ ) , (11)

C = ⟨cos (2δα)⟩ = exp ( −2Δα^2 ) , δα = α − ⟨α⟩ , Δα^2 = ⟨(δα)^2⟩ . The interaction with gravitational waves leads to two different effects : the first one is a mean rotation angle ⟨α⟩ which, as already discussed, can be compensated by rotating p-5 the polarizers. In contrast, the second effect is a net reduction of the correlation function due to the fluctuations δα which is an exponential function of the variance Δα^2 of these fluctuations.

For the CGWB, which corresponds to quantum fluctuations, the variance may then be written as the following integral over frequencies

Δα^2_{CGWB} = ∫_∞ 0 dω 2π S_{gw}[ω]A[ω] . (12)

The dimensionless apparatus function A characterizes the response of the experiment to gravitational waves at frequency ω. It depends on the geometry of the experiment, and in particular on the time of flight τ. Its calculation is done in a similar way to that of similar functions appearing in the study of decoherence in interferometers [15] or of sensitivity to gravitational waves of clock synchronization [30]. At the end of this calculation, it may be written A[ω] = 5 8 ∫_1 −1 dμ 2 |β_→ − β_←|^2 , (13)

β_→[ω, μ] = (1 − μ) ( e^{−iωτ (1+μ)} − 1 )

β_←[ω, μ] = (1 + μ) ( e^{−iωτ (1−μ)} − 1 ) . The amplitudes β_↔ measure the sensitivity to the gravitational mode at frequency ω and wavevector with μ = ck^3/ω the direction of k^3 (μ is defined for the photon →, and replaced by −μ for the photon ←).

After straightforward integrations, the function A is finally written as A[ω] = 5 16 ( 8 − 24 + 6 cos(2ωτ) (ωτ)^2 + 15 sin(2ωτ) (ωτ)^3 ) . (14)

The result is drawn on Fig. 3 as a function of ωτ. It tends to the constant 5/2 at the limit of high frequencies and behaves as (ωτ)^4/21 at the limit of low frequencies. For the purpose

Fig. 3: Apparatus function Aτ , drawn versus (ωτ ).

of comparing the two effects, we give also the variance for the BCB, which corresponds to classical fluctuations and leads to a slightly different expression

Δα^2_{BCB} = ∫_∞ 0 dω 2π S_{gw}[ω]A[ω]F[ω] (15)

F[ω] = 1 − ( sinc ωT 2 )_2

, sinc(x) = sin x x .

p-6

The two variances (12) and (15) are integrals of the gravitational waves background over frequencies ω larger than the inverse of one of the typical time involved in the correlation measurement. For the CGWB, this time is just the time of flight τ of the photons from the source to the detectors. For the BCB, this time is the longer one of the time of flight τ and the measurement time T . The effect associated with τ may be considered as intrinsic, as it cannot be reduced for a given geometry. In contrast, the effect associated with T can in principle be limited by having this measurement time shorter than τ.

Discussion and conclusions. – We now come to the discussion of the decrease of EPR quantum correlations, i.e. the reduction of the maximal violation of the CSHS inequality (4), due to the effect of the CGWB. For completeness, we also present results for the BCB.

From eq.(11), we deduce the maximal value S_{max} of the parameter S, after optimal angles have been chosen,

S_{max} = C 2 √ 2 = 2 √ 2 exp ( −2Δα^2 ) . (16)

Following the analogy between the EPR correlation function and interferences, it turns out that the reduction of the maximal violation of Bell-CSHS inequality is analogous to the decoherence effect already studied for interferometers [15]. The main difference is that the reduction is determined by the variance of an angle α whereas it was determined by the variance of a phase for interferometers.

We show on Fig.4 the results of the evaluation of the quantity 2Δα^2 which appears in the exponential factor in eq.(16). The full (blue) line corresponds to the effect (12) of the CGWB (Ω_{gw} = 10^{−14}), and the dashed (red) line to the effect (15) of the BCB ((model given in [29])). All curves are drawn as functions of the time of flight τ varying from 10^{−3}s - typical time of flight from a station on Earth to the ISS - to 10^6s - time of flight corresponding to the scale of the solar system (≈ 2000 astronomical units). For the case of the BCB, the various curves correspond to different values of the measurement time T varying also from 10^{−3}s to 10^6s. As expected all variances are increased when the time of exposition (τ or T ) to the gravitational wave backgrounds are increased. The effect of the BCB is larger than that of the CGWB for not too large times of exposition, which just reflects the shapes of the corresponding spectra which were plotted on Fig.2.

Fig. 4: Variances 2Δα^2 appearing in the exponential factor in eq.(16) plotted as functions of the time of flight τ : the full (blue) line corresponds to the effect (12) of the CGWB (Ωgw = 10^{−14}), and the dashed (red) line to the effect (15) of the BCB ((model given in [29])) ; in the latter case, the various curves correspond to different values of the measurement time T = 10^{−3}, 1, 10^3 and 10^6 s.

We see on Fig.4 that the variance Δα^2 remains extremely small for any scale accessible to experiments in the solar system. This entails that the quantum correlations coded in p-7 polarization entangled pairs of photons should survive the exposition to gravitational wave backgrounds in any presently foreseeable experiment. In fact, this conclusion can be made even more general through an argument which sheds light on an unexpected deep connection between the discussion of large scale EPR correlations and cosmology.

In order to write down this argument, we may rewrite the reduction factor C appearing in eqs.(11,16) as follows, under the assumption of a constant value for Ω_{gw},

C = e^{−ΓΩgw} , Γ =

24H^2_0 5 ∫_∞ 0 dω ω^3

A[ω] . (17)

When the form (14) of A is used, the integration leads to the closed expression Γ = 3 5 (H_0τ)^2 . (18)

The resulting Γ(τ) is the straight line appearing on the log-log plot of Fig.5, which we have drawn for τ varying up to the Hubble time τ ≈ 10^{18}s.

Fig. 5: Dimensionless factor Γ as a function of the time of flight τ on log-log scales; the full (blue) line corresponds to the CGWB, while the dotted and dashed (red) lines corresponds to the BCB with T ≪ τ and T = 1000s respectively.

Fig.5 shows that the number Γ is extremely small at all scales small with respect to the Hubble scale. In fact, Γ increases as the square of the time scale of the experiment and it would approach unity only at the largest cosmological scales. When evaluating the reduction factor C in (17), the small number Γ has first to be multiplied by a second small number Ω_{gw} and then exponentiated. As a consequence, the reduction has to remain negligible in any experiment. A different conclusion could only be obtained at the largest cosmological scales, if the energy of gravitational waves would be a dominant constituent of the content of the Universe.

As a conclusion, we have shown that the quantum correlations coded in polarization should survive the exposition to gravitational wave backgrounds. In particular, initial quantum correlation arising from primordial cosmic processes are still present in current day Universe even if their detection is a challenge. Note that these conclusions have been obtained for gravitational wave backgrounds as they are predicted by standard calculations, and they would of course be affected if larger fluctuations were produced by physical processes beyond the standard model. Note also that this conclusion relies on a fascinating and unexpected connection between the reduction of EPR quantum correlations at large scales and the fundamental cosmic parameter Ω_{gw}. p-8

Large scale EPR correlations

REFERENCES

[1] R.P. Feynman et al., Lectures on Gravitation (Penguin) 1999 [2] F. Karolyhazy, Nuovo Cimento A, 42 (1966) 390 [3] L. Diosi, Phys. Rev. A, 40 (1989) 1165 [4] M.-T. Jaekel and S. Reynaud, Phys. Lett. A, 185 (1994) 143 [5] R. Penrose, Gen. Rel. Grav., 28 (1996) 581 [6] B.S. Kay, Class. Quantum Grav., 15 (1998) L89 [7] P. Kok and U. Yurtsever, Phys. Rev. D, 68 (2003) 85006 [8] I.C. Percival and W.T. Strunz, Proc. R. Soc. A, 453 (1997) 431; W.L. Power and I.C.

Percival, Proc. R. Soc. A, 456 (2000) 955 [9] G. Amelino-Camelia, Gen. Relativ. Gravit., 36 (2004) 539 [10] C.H.-T. Wang and R. Bingham and J.T. Mendonça, Class. Quantum Grav., 23 (2006) L59 [11] M. Arndt and M. Aspelmeyer and A. Zeilinger, Fortschr. Phys., (2009) 1 [12] M. Arndt et al., Nature, 401 (1999) 680; O. Nairz et al., Phys. Rev. Lett., 87 (2001) 160401; L. Hackermuller et al., Phys. Rev. Lett., 91 (2003) 090408; S. Gerlich et al., Nature Physics, 3 (2007) 711; K. Hornberger et al., New Journal Phys., 11 (2009) 043032 [13] W. Tittel and J. Brendel and H. Zbinden and N. Gisin, Phys. Rev. Lett., 81 (1998) 3563;

W. T. Buttler et al., Phys. Rev. Lett., 84 (2000) 5652; C. Kurtsiefer et al., Nature, 419 (2002) 450; T. Schmitt-Manderbach et al., Phys. Rev. Lett., 98 (2007) 010504; R. Ursin et al., Nature Physics, 3 (2007) 481; T. Scheidl et al., New Journal Phys., 11 (2009) 085002 [14] R. Ursin and T. Jennewein and A. Zeilinger, Quantum Communications Realized 2009, edited by Y. Arakawa and M. Sasaki and H. Sotobayashi (SPIE Conf. Proc.), p. 7236-09 [15] S. Reynaud et al., Europhys. Lett., 54 (2001) 135; B. Lamine and M.-T. Jaekel and S.

Reynaud, Eur. Phys. J. D, 20 (2002) 165; S. Reynaud et al., Gen. Rel. Grav., 36 (2004) 2271; B. Lamine et al., Phys. Rev. Lett., 96 (2006) 050405 [16] J.F. Clauser and A. Shimony, Rep. Prog. Phys., 41 (1978) 1881; A. Aspect and P.

Grangier and G. Roger, Phys. Rev. Lett., 49 (1982) 91; P.G. Kwiat et al., Phys. Rev. Lett., 75 (1995) 4337 [17] J.S. Bell, Physics, 1 (1965) 195; Rev. Mod. Phys., 38 (1966) 447 [18] J.F. Clauser and M.A. Horne and A. Shimony and R.A. Holt, Phys. Rev. Lett., 23 (1969) 880 [19] B.F. Schutz, Class. Quant. Grav., 16 (1999) A131; M. Maggiore, Phys. Rep., 331 (2000) 283 [20] L.P. Grishchuk, Sov. Phys. JETP, 40 (1975) 409 [21] R.P. Feynman and R.B. Leighton and M. Sands, The Feynman Lectures on Physics III :

Quantum Mechanics (Addison Wesley) 1965 ch.18 [22] G.V. Skrotskii, Soviet Physics Doklady, 2 (1957) 226; J. Plebanski, Phys. Rev., 118 (1960) 1396; B. Mashhoon, Phys. Lett. A, 122 (1987) 299; S. Kopeikin and B. Mashhoon, Phys. Rev. D, 65 (2002) 064025 [23] A.M. Cruise, Class. Quantum Grav., 17 (2000) 2525; A.M. Cruise and R.M.J. Ingley, Class. Quantum Grav., 22 (2005) S479 [24] F. Tamburini and B.A. Basset and C. Ungarelli, Phys. Rev. A, 78 (2008) 012114 [25] H. Terashima and M. Ueda, Phys. Rev. A, 69 (2004) 032113; J. Phys. A, 38 (2005) 2029 [26] R. Hervé, PhD thesis 2007 (Univ. Pierre & Marie Curie, Paris) http://tel.archivesouvertes.fr/tel-00220466; B. Lamine, PhD thesis 2004 (Univ. Pierre & Marie Curie, Paris) http://tel.archives-ouvertes.fr/tel-00006936 [27] S. Reynaud and B. Lamine and M.-T. Jaekel, Atom Optics and Space Physics 2009, edited by E. Arimondo et al. (Societa Italiana di Fisica & IOS Press), p. 219 [28] B.P. Abbott et al., Nature, 460 (2009) 990 [29] C. Ungarelli and A. Vecchio, Phys. Rev. D, 63 (2001) 064030 [30] S. Reynaud et al., Phys. Rev. D, 77 (2008) 122003

p-9