arXiv:0909.5355v2 [gr-qc] 30 Sep 2009

Hořava-Lifshitz gravity, extrasolar planets and the double pulsar

L. Iorio^∗, M.L. Ruggiero^§ ∗INFN-Sezione di Pisa. Address for correspondence: Viale Unità di Italia 68 70125 Bari (BA), Italy. e-mail: lorenzo.iorio@libero.it §Dipartimento di Fisica, Politecnico di Torino, Corso Duca degli Abruzzi 23, 10129 - Torino, Italy. e-mail: matteo.ruggiero@polito.it

Abstract We consider a spherically symmetric and asymptotically flat vacuum solution of the Hořava-Lifshitz (HL) gravity that is the analog of the general relativistic Schwarzschild black hole. In the weak-field and slow-motion approximation, we work out the correction to the third Kepler law of a test particle induced by such a solution and compare it to the phenomenologically determined orbital periods of the transiting extrasolar planet HD209458b “Osiris” and of the double pulsar PSR J0737-3039A/B. The upper bounds on the HL adimensional parameter are ω_0 ≤ 10^{−15} from HD209458b and ω_0 ≤ 10^{−13} from PSR J0737- 3039A/B. While the constrain from the pulsar is of the same order of magnitude of the most stringent one retrieved from the perihelion precessions of the inner planets of our solar system (10^{−13} − 10^{−11}), the one by HD209458b is tighter by two orders of magnitude.

Keywords: Modified theories of gravity- Celestial mechanics PACS 04.50.Kd; 95.10.Ce

1 Introduction

The recently proposed model of quantum gravity by Hořava [1, 2, 3] has attracted much attention, and many aspects of it have been extensively analyzed, ranging from formal developments, cosmology, dark energy and dark matter, spherically symmetric solutions, gravitational waves, and its viability with observational constraints; for a full list of references see, e.g., Refs. [4, 5, 6, 7]. Such a theory admits Lifshitz’s scale invariance: x → bx, t → b^qt, and, after this, it is referred to as Hořava-Lifshitz (HL) gravity. Actually, it has anistropic scaling in the short distances domain (UV), since it is q = 3, while isotropy is recovered at large distances (IR).

One of the key features of the theory is its good UV behavior, since it is power-counting renormalizable. However, in its original formulation, it has some problems: for instance, it leads to a non-zero cosmological constant with the wrong sign, in order to be in agreement with the observations [8, 9, 10]. To circumvent these problems, it was suggested to abandon the principle of “detailed balance” [11, 12], initially introduced by Hořava in his model to restrict the number of possible parameters. As a consequence, phenomenologically viable extensions of the theory were proposed [10, 13]. It was also shown that HL gravity can reproduce General Relativity (GR) at large distances [14, 15]; for other solutions non-asymptotically flat see Refs. [16, 17]. However, there is still an ongoing discussion on the consistency of HL gravity, since it seems that modes arise which develop exponential instabilities at short distances, or become strongly coupled [18, 19]. Moreover, according to Ref. [20], the constraint algebra does not form a closed structure. Perturbative instabilities affecting HL gravity have been pointed out in Ref. [21].

Actually, it is important to stress that, up to now, in HL gravity the gravitational field is purely geometrical: in other words, the way matter has to be embedded still needs to be studied. Nevertheless, there are interesting vacuum solutions that can be studied, such as the static spherically symmetric solution found by Kehagias and Sfetsos (KS) [15]. Such a solution is the analog of Schwarzschild solution of GR and, moreover, it asymptotically reproduces the usual behavior of Schwarzschild spacetime. It is interesting to point out that it is obtained without requiring the projectability condition, assumed in the original HL theory. Spherically symmetric solutions with the projectability condition are however available [22] (see also [23]).

Since the Newtonian and lowest order post-Newtonian limits of the KS solution coincides with those of GR, it is manifest that HL gravity is in agreement with the classical tests of GR, as it has been recently showed in [24]. As a consequence, it is also clear that deviations from the classical GR behavior could be testable for systems with strong gravity.

In a previous paper [25] we studied the corrections to the general relativistic Einstein’s pericentre precession determined by this solution, and compared the theoretical predictions to the latest determinations of the corrections to the standard Newtonian/Einsteinian planetary perihelion precessions recently estimated with the EPM and the INPOP ephemerides by finding that the HL adimensional parameter is constrained at ω_0 ≤ 10^{−13} −10^{−11} level. Here we focus on the effects induced by the examined solution on the orbital period P_b of a test particle. We will explicitly work out the consequent correction P_{ω0} to the usual third Kepler law in Section 2. In Section

3 we compare it with the observations of the transiting extrasolar planet HD209458b “Osiris” and of the double pulsar PSR J0737-3039A/B; in particular, in the latter case we consider an astrophysical system where a strong gravitational field is present, so that deviations from the expected GR behavior could be present. Section 4 is devoted to the conclusions.

2 HL corrections to the third Kepler law

As shown in Ref. [25], from [28]

ẍ^i = − 1 2 c^2h_{00,i}− 1 2 c^2h_{ik}h_{00,k}+h_{00,k}ẋ^kẋ^i+ ( h_{ik,m} − 1 2 h_{km,i} ) ẋ^kẋ^m, i = 1, 2, 3, (1) it is possible to obtain the following radial acceleration acting upon a test particle at distance d from a central body of mass M

⃗A_{ω0} ≈ 4(GM)^4

ω_0c^6d^5 d̂, (2)

valid up to terms of order O(v^2/c^2). Its effect on the pericentre of a test particle have been worked out in Ref. [25]; here we want to look at a different orbital feature affected by eq. (2) which can be compared to certain observational determinations.

The mean anomaly is defined as

M = n(t − t_p); (3)

in it n = √ GM/a^3 is the Keplerian mean motion, a is the semimajor axis and t_p is the time of pericentre passage. The anomalistic period P_b is the time elapsed between two consecutive pericentre passages; for an unperturbed Keplerian orbit it is P_b = 2π/n. Its modification due to a small perturbation of the Newtonian monopole can be evaluated with standard perturbative approaches. The Gauss equation for the variation of the mean anomaly is, in the case of a radial perturbation A_d to the Newtonian monopole, [29] dM dt = n − 2 na A_d ( d a ) + (1 − e^2) nae A_d cos f, (4)

where e is the eccentricity and f is the true anomaly counted from the pericentre position. The right-hand-side of eq. (4) has to be valuated onto the unperturbed Keplerian orbit given by [30] d = a(1 − e^2) 1 + e cos f

. (5)

By using [30] df = (a d )_2

(1 − e^2)^{1/2}dM (6) and ∫_{2π} 0 (1 + e cos f)^2 [ 2 − (1 + e cos f) e cos f ] df = π ( 1 + 5 4 e^2 ) , (7)

it is possible to work out the correction to the Keplerian period due to eq. (2); it is

P_{ω0} = 4π(GM)^4 ( 1 +^5_4 e^2 ) ω_0c^6n^3a^6(1 − e^2)^{5/2} = 4π(GM)^{5/2} ( 1 +^5_4 e^2 ) ω_0c^6a^{3/2}(1 − e^2)^{5/2}

. (8)

Note that eq. (8) retains its validity in the limit e → 0 becoming equal to P_{ω0} → 4π(GM)^{5/2} ω_0c^6d^{3/2}

, (9)

where d represents now the fixed radius of the circular orbit. It turns out that eq. (9) is equal to the expression that can be easily obtained by equating the centripetal acceleration Ω^2d, where Ω is the particle’s angular speed, to the total gravitational acceleration GM/d^2 − 4(GM)^4/ω_0c^6d^5 with the obvious assumption that the Newtonian monopole is the dominant term in the sum.

3 Confrontation with the observations

In the scientific literature there is a large number of papers (see, e.g., Refs. [31, 32, 33, 34, 35, 36, 37, 38, 40, 41, 42, 43, 44]) in which the authors use the third Kepler law to determine, or, at least, constrain un-modeled dynamical effects of mundane, i.e. due to the standard Newtonian/Einsteinian laws of gravitation, or non-standard, i.e. induced by putative modified models of gravity. As explained below, in many cases such a strategy has been, perhaps, followed in a self-contradictory way, so that the resulting constraints on, e.g., new physics, may be regarded as somewhat “tautologic”.

Let us briefly recall that the orbital period P_b of two point-like bodies of mass m_1 and m_2 is, according to the third Kepler law,

P^{Kep} = 2π √ a^3 GM , (10)

where a is the relative semi-major axis and M = m_1 + m_2 is the total mass of the system. Let us consider an unmodeled dynamical effect which induces a non-Keplerian (NK) correction to the third Kepler law, i.e.

P_b = P^{Kep} + P^{NK}, (11)

where P^{NK} = P^{NK}(M, a, e; p_j ), (12)

is the analytic expression of the correction to the third Kepler law in which p_j , j = 1, 2, ...N are the parameters of the NK effect to be determined or constrained. Concerning standard physics, P_{NK} may be due to the centrifugal oblateness of the primary, tidal distortions, General Relativity; however, the most interesting case is that in which P_{NK} is due to some putative modified models of gravity. By comparing the measured orbital period to the computed Keplerian one it is possible, in principle, to obtain information on the dynamical effect investigated from ΔP ≡ P_b − P^{Kep}.

In order to meaningfully solve for p_j in

ΔP = P^{NK} (13)

it is necessary that

• In the system considered a measurable quantity which can be identified with the orbital period and directly measured independently of the third Kepler law itself, for example from spectroscopic or photometric measurements, must exist. This is no so obvious as it might seem at first sight; indeed, in a N-body system like, e.g., our solar system a directly measurable thing like an “orbital period” simply does not exist because the orbits of the planets are not closed due to the nonnegligible mutual perturbations. Instead, many authors use values of the “orbital periods” of the planets which are retrieved just from the third Kepler law itself. Examples of systems in which there is a measured orbital period are many transiting exoplanets, binaries and, e.g, the double pulsar. Moreover, if the system considered follows an eccentric path one should be careful in identifying the measured orbital period with the predicted sidereal or anomalistic periods. A work whose authors are aware of such issues is Ref. [45].

• The quantities entering P^{Kep}, i.e. the relative semimajor axis a and the total mass M, must be known independently of the third Kepler law. Instead, in many cases values of the masses obtained by applying just the third Kepler law itself are used. Thus, for many exoplanetary systems the mass m_1 ≡ M_⋆ of the hosting star should be taken from stellar evolution models and the associated scatter should be used to evaluate the uncertainty δM_⋆ in it, while for the mass m_2 = m_p of the planet a reasonable range of values should be used instead of straightforwardly taking the published value because it comes from the mass function which is just another form of the third Kepler law. The double pulsar system is an ideal case because it is possible to know all the parameters entering P^{Kep} independently of the third Kepler law itself, thanks to the redundancy offered by the many estimated post- Keplerian parameters and their general relativistic interpretation. Such issues have been accounted for in several astronomical and astrophysical scenarios in, e.g., Refs. [46, 47, 48, 49, 50].

3.1 The transiting exoplanet HD209458b

Let us consider HD 209458b “Osiris”, which is the first exoplanet^1 discovered with the transit method [51, 52]. Its orbital period P_b is known with a so high level of accuracy that it was proposed to use it for the first time to test General Relativity in a planetary system different from ours [53]; for other proposals to test General Relativity with different orbital parameters of other exoplanets, see Refs. [54, 55, 56, 57].

In the present case, the system’s parameters entering the Keplerian period i.e. the relative semimajor axis a, the mass M_⋆ of the host star and the mass m_p of the planet, can be determined independently of the third Kepler law itself, so that it is meaningful to compare the photometrically measured orbital period P_b = 3.524746 d [58] to the computed Keplerian one P^{Kep}: their difference can be used to put genuine constraints on HL gravity which predicts the corrections of eq. (8) to the third Kepler law. Indeed, the mass M_⋆ = 1.119 ± 0.033M_⊙ and the radius R_⋆ = 1.155^{+0.014}_{−0.016}R_⊙ of the star [58], along with other stellar properties, are fairly straightforwardly estimated by matching direct spectral observations with stellar evolution models since for HD 209458 we have also the Hipparcos parallax π_{Hip} = 21.24 ± 1.00 mas [59]. The semimajor axis-to-stellar radius ratio a/R_⋆ = 8.76 ± 0.04 is estimated from the photometric light curve [58], so that a = 0.04707^{+0.00046}_{−0.00047} AU

1See on the WEB http://www.exoplanet.eu/

[58]. The mass m_p of the planet can be retrieved from the parameters of the photometric light curve and of the spectroscopic one entering the formula for the planet’s surface gravity g_p (eq.(6) of Ref. [58]). As a result, after having computed the uncertainty in the Keplerian period by summing in quadrature the errors due to δa, δM_⋆, δm_p, it turns out

P_b − P^{Kep} = 204 ± 5354; s (14)

δM_⋆ contributes with 4484.88 s, δa with 2924.77 s and δm_p with 2.66 s.

The discrepancy between P_b and P^{Kep} of eq. (14) is statistically compatible with zero; thus, eq. (14) allows to constrain the parameter ω_0 entering P_{ω0} putting the following upper bound^2

ω_0 = (0.04 ± 1) × 10^{−15}. (15)

It is compatible with the weaker constraints retrieved from the solar system orbital motions for which it holds^3 ω_0 ≤ 10^{−13} − 10^{−11} [25].

3.2 The double pulsar PSR J0737-3039A/B

The expression of the Keplerian orbital period of the the double pulsar PSR J0737-3039A/B [60] in terms of some of its phenomenologically estimated Keplerian and post-Keplerian orbital parameters is [50]

P^{Kep} = 2 ( 2 P_b )_{1/2} [π(x_A + x_B)]^{3/2} ( x_A r )_{3/4} s^{−9/4}, (16)

where x_{A/B} are the projected semimajor axes of A and B, and r, s are related to the Shapiro time delay. Their values [61] are listed in Table 1. Thus, it turns out [50] P_b − P^{Kep} = 59 ± 364 s. (17)

For a direct comparison with P_{ω0} it is useful to express eq. (8) in terms of the post-Keplerian parameters as well. Since

G(m_A + m_B) = c^3 ( rs x_A

)_{3/2} ( P_b 2π ) , a = (x_A + x_B) c s , (18)

it follows

P_{ω0} =

P^{5/2}_b r^{15/4}s^{21/4} ( 1 +^5_4 e^2 ) ω_0(2π^3)^{1/2}x^{15/4}_A (x_A + x_B)^{3/2}(1 − e^2)^{5/2}

. (19)

2We have taken into account the uncertainty in ΔP only.

3To avoid confusions with the perihelion ω, the HL parameter is dubbed ψ0 in Ref. [25].

Table 1: Relevant Keplerian and post-Keplerian parameters of the binary system PSR J0737-3039A/B [61]. The orbital period P_b is measured with a precision of 4 × 10^{−6} s. The projected semimajor axis is defined as x = (a_{bc}/c) sin i, where a_{bc} is the barycentric semimajor axis, c is the speed of light and i is the angle between the plane of the sky, perpendicular to the line-of-sight, and the orbital plane. The eccentricity is e = 0.0877775(9). The phenomenologically determined post-Keplerian parameter s, related to the general relativistic Shapiro time delay, is equal to sin i; we have conservatively quoted the largest error in s reported in Ref. [61]. The other post-Keplerian parameter related to the Shapiro delay, which is used in the text, is r.

P_b (d) x_A (s) x_B (s) r (μs) s

0.10225156248(5) 1.415032(1) 1.5161(16) 6.21(33) 0.99974(39)

Thus, we have^4 ω_0 = (0.3 ± 2) × 10^{−13}, (20)

which is of the same order of magnitude of the tighter bounds from solar system’s orbital motions.

4 Conclusions

We have investigated how the third Kepler law is modified by a spherically symmetric solution of HL gravity, whose Newtonian and lowest order post-Newtonian limits coincides with those of GR, by using the standard Gauss perturbative approach. The resulting expression for P_{ω0} , obtained from the Gauss equation of the variation of the mean anomaly M, in the limit e → 0 reduces to the simple formula which can be derived by equating the centripetal acceleration to the Newton+HL gravitational acceleration for a circular orbit. Then, after discussing certain subtleties connected with a meaningful use of the third Kepler law to put on the test alternative theories of gravity, we compared our explicit expression for P_{ω0} to the discrepancy ΔP between the phenomenologically determined orbital periods P_b and the computed Keplerian ones P^{Kep} for the transiting extrasolar planet HD209458b “Osiris” and the double pulsar PSR J0737-3039A/B. Since in

4We have taken into account the uncertainty in ΔP only.

both cases ΔP is compatible with zero, it has been possible to obtain upper bounds on the adimensional HL parameter ω_0. They are ω_0 ≤ 10^{−15} for the planet and ω_0 ≤ 10^{−13} for the pulsar. Such constraints are of the same order of magnitude, or even tighter in the case of HD209458b, than the most stringent ones obtained from the planetary motions in our solar system (10^{−13} − 10^{−11}).

References

[1] P. Hořava, J. High En. Phys. 03, 020 (2009), [arXiv:0812.4287]. [2] P. Hořava, Phys. Rev. D 79, 84008 (2009), [arXiv:0901.3775]. [3] P. Hořava, Phys. Rev. Lett. 102, 161301 (2009), [arXiv:0902.3657]. [4] P. Wu, H. Yu, [arXiv:0909.2821]. [5] C. Böhmer, F.S.N. Lobo, [arXiv:0909.3986]. [6] A. Wang, D. Wands, R. Maartens, [arXiv:0909.5167]. [7] S. Carloni, E. Elizalde, P.J. Silva, [arXiv:0909.2219]. [8] T. Takahashi, J. Soda, Phys. Rev. Lett. 102, 231301 (2009), [arXiv:0904.0554].

[9] H. Nastase, [arXiv:0904.3604].

[10] T.P. Sotiriou, M. Visser, S. Weinfurtner, Phys. Rev. Lett. 102, 251601 (2009), [arXiv:0904.4464].

[11] G. Calcagni, J. High En. Phys. 09, 112 (2009), [arXiv:0904.0829]. [12] G. Calcagni, [arXiv:0905.3740].

[13] T.P. Sotiriou, M. Visser, S. Weinfurtner, [arXiv:0905.2798]. [14] H.Lü, J. Mei, C.N. Pope, Phys. Rev. Lett. 103, 091301 (2009), [arXiv:0904.1595].

[15] A. Kehagias, K. Sfetsos, Phys. Lett. B 678, 123 (2009), [arXiv:0905.0477].

[16] R.G. Cai, L.M. Cao, N. Ohta, Phys. Rev. D 80, 024003 (2009), [arXiv:0904.3670].

[17] R.G. Cai, L.M. Cao, N. Ohta, Phys. Lett. B 679, 504 (2009), [arXiv:0905.0751].

[18] C. Charmousis, G. Niz, A. Padilla, P.M. Saffin, JHEP 08, 070 (2009), [arXiv:0905.2579].

[19] D. Blas, O. Pujolas, S. Sibiryakov, [arXiv:0906.3046]. [20] M. Li, Y. Pang, J. High En. Phys. 08, 015 (2009), [arXiv:0905.2751]. [21] C. Bogdanos, E.N. Saridakis, Phys. Rev. D., at press (2009), [arXiv:0907.1636].

[22] J. Tang, B. Chen, [arXiv:0909.4127].

[23] A. Wang, D. Wands, R. Maartens, [arXiv:0909.5167]. [24] T. Harko, Z. Kovács, F.S.N. Lobo, [arXiv:0908.2874]. [25] L. Iorio, M.L. Ruggiero, [arXiv:0909.2562].

[26] S. Chen, J. Jing, Phys. Rev. D 80, 024036 (2009), [arXiv:0905.2055]. [27] R. A. Konoplya, Phys. Lett. B 679, 499 (2009), [arXiv:0905.1523]. [28] V.A. Brumberg, Essential Relativistic Celestial Mechanics, Adam Hilger, Bristol, 1991.

[29] B. Bertotti, P. Farinella and D. Vokrouhlicky, Physics of the Solar System, Kluwer, Dordrecht, 2003.

[30] A.E. Roy, Orbital Motion. Fourth Edition, IoP, Bristol, 2005. [31] C. Talmadge, J.-P. Berthias, R.W. Hellings and E.M. Standish, Phys.

Rev. Lett. 61, 1159 (1988).

[32] E.L. Wright, http://www.astro.ucla.edu/∼wright/PioneerAA.html [33] J.M. Overduin, Phys. Rev. D 62, 102001 (2000), [gr-qc/0007047]. [34] M.-T. Jaekel and S. Reynaud, Class. Quantum Grav. 22, 2135 (2005), [gr-qc/0502007].

[35] S. Reynaud and M.-T. Jaekel, Int. J. Mod. Phys. A 20, 2294 (2005), [gr-qc/0501038].

[36] M. Sereno and Ph. Jetzer, Phys.Rev. D 73, 063004 (2006), [astro-ph/0602438].

[37] M. Sereno and Ph. Jetzer, Mon. Not. Roy. Astron. Soc. 371 , 626 (2006), [astro-ph/0606197].

[38] L. Iorio, Mon. Not. Roy. Astron. Soc. 376, 1727 (2007), [gr-qc/0612056].

[39] R.H. Sanders, Mon. Not. Roy. Astron. Soc. 370, 1519 (2006), [astro-ph/0602161].

[40] J.R. Brownstein and J.W. Moffat, Class. Quantum Gravit. 23, 3427 (2006), [gr-qc/0511026].

[41] S. Nesseris and L. Perivolaropoulos, Phys. Rev. D 75, 023517 (2007), [astro-ph/0611238].

[42] J.W. Moffat, Int. J. Mod. Phys. D 16, 2075 (2008), [gr-qc/0608074]. [43] S.L. Adler, J. Phys. A.: Math. Theor. 41, 412002 (2008), [arXiv:0808.0899].

[44] G.L. Page, J.F. Wallin, D.S. Dixon, Astrophys. J. 697, 1226 (2009), [arXiv:0905.0030].

[45] S. Capozziello, E. Piedipalumbo, C. Rubano, P. Scudellaro, Astron. Astrophys. DOI:10.1051/0004-6361/200911992 (2009), [arXiv:0906.5430].

[46] L. Iorio, Astrophys. Space Sci. 312, 337 (2007), [gr-qc/0611120]. [47] L. Iorio, M.L. Ruggiero, Int. J. Mod. Phys. A 22, 5379 (2007), [gr-qc/0612022].

[48] L. Iorio, Astrophys. Space Sci. 315, 335 (2008), [arXiv:0707.3525]. [49] L. Iorio, Astrophys. Space Sci. 318, 51 (2008), [arXiv:0807.4221]. [50] L. Iorio, New Astron. 14, 196 (2009), [arXiv:0808.0256]. [51] D. Charbonneau, T.M. Brown, D.W. Latham, M. Mayor, Astrophys. J.

529, L45 (2000), [astro-ph/9911436].

[52] G.W. Henry, G.W. Marcy, R.P. Butler, S.S. Vogt, Astrophys. J. 529, L41 (2000).

[53] L. Iorio, New Astron. 11, 490 (2006), [gr-qc/0505107].

[54] F. Adams, G, Laughlin, Astrophys. J. 649, 992 (2006), [astro-ph/0606346].

[55] J. Andrés, G.A. Bakos, Astrophys. J. 685, 543 (2008), [arXiv:0806.0630].

[56] Pál A., Kocsis B., Mon. Not. Roy. Astron. Soc. 389, 191 (2008), [arXiv:0806.0629].

[57] D. Ragozzine, A.S. Wolf, Astrophys. J. 698, 1778 (2009), [arXiv:0807.2856].

[58] G. Torres, J.N. Winn, M.J. Holman, Astrophys. J. 677, 1324 (2008), [arXiv:0801.1841].

[59] M.A.C. Perryman, ESA SP-1200, Noordwijk, ESA, 1997.

[60] M. Burgay, N. D’Amico, A. Possenti, R.N. Manchester, A.G.

Lyne, B.C. Joshi, M.A. McLaughlin, M. Kramer, J.M. Sarkissian, F. Camilo, V. Kalogera, C.Kim, D.R. Lorimer, Nature 426, 531 (2003), [astro-ph/0312071].

[61] M. Kramer, I.H. Stairs, R.N. Manchester, M.A. McLaughlin, A.G.

Lyne, R.D. Ferdman, M. Burgay, D.R. Lorimer, A. Possenti, N. D’Amico, J.M. Sarkissian, G.B. Hobbs, J.E. Reynolds, P.C.C. Freire, F. Camilo, Science 314, 97 (2006), [astro-ph/0609417].