arXiv:1206.1869v1 [gr-qc] 7 Jun 2012

The relativistic precession of the orbits

Maurizio M. D’Eliseo^∗ Osservatorio S.Elmo - Via A.Caccavello 22, 80129 Napoli Italy

The relativistic precession can be quickly inferred from the nonlinear polar orbit equation without actually solving it.

Pacs: 04.20.Cv; 04.25.-g; 04.25.Nx.

Keywords: Polar equation, angular period operator, relativistic precession.

I. INTRODUCTION

The precession, and consequently the secular motion of the pericenter of a bound orbit, stems from the general relativistic treatment of the motion of a test body in the space-time of a spherically symmetric distribution of mass which, if also spins, drags space-time around with it slightly perturbing the orbit (Lense-Thirring gravitomagnetic force), and then by providing a further contribution to the precession. The study of the former phenomenon has been done for various astronomical scenarios. Within the solar system, have been considered Earth’s satellites,^{1–12} the Moon^{13,14}, Mars,^{15} the giant planets,^{16–20} the Sun and its planets.^{21–27} The 1PN post- Newtonian, Schwarzschild-like orbital effects^{28} recently revamped because of several attempts to detect them in different natural systems as the galactic environment for stellar orbits around the central black holes.^{29–31} Still in a planetary setting, the exoplanets may constitute a fruitful field of study.^{32–39}

The geodetic equation in the Schwarzschild space-time becomes a Binet-type differential equation which describes in polar form the shape of the orbit of a test body under the effect of a force inversely proportional to the square of the distance from the origin with added a very small inverse fourth power term. There is no difficulty in principle, using techniques of perturbation theory, to deduce the precession by solving the equation for bound orbits to arbitrary degrees of approximation.^{40–43} Our aim here is to show a new way to obtain the leading term of the precession in two moves, consisting of a substitution followed by an elementary definite integration but, to be able to appreciate its correctness, it needs to be opportunely introduced and justified.

II. THE ANGULAR PERIOD OPERATOR

We start from the classical equation of the unperturbed orbit in polar coordinates^{44}

u^{′′} + u = A, (1)

where the primes denote double differentiation with respect to the angle ϕ. The function u = u(ϕ) is the inverse of the radius vector r, while A ≡ μu^2 ℓ^2u^2 = μ ℓ^2

> 0, (2) where μ is the gravitational parameter of the central body (this is strictly correct only when the orbiting body is considered to be a test-body) and ℓ is the area constant. Equation (1) admits u = A as particular integral, and its complete solution can be found solving the homogeneous equation (u − A)^{′′} + (u − A) = 0. The solution in the perifocal system can be written in the form

u = A + Ae cos ϕ, (3)

which is the equation of the elliptical orbit when e ε (0, 1). In this setting the angle ϕ is the true anomaly while, in terms of the elliptical elements A = u(π/2) = 1/a(1−e^2), where a, e are the semimajor axis and the eccentricity. So 1/A is the semi-latus rectum and determines the size of the orbit. The fixed position of pericenter is at ϕ = 0, where u = 1/r assumes its maximum value. The solution u is periodic of period 2π, and its average value is

ū = 1 2π ∫_{2π} 0 u dϕ = A, (4) which is precisely the particular integral of Eq. (1). It corresponds to the circular orbit of a body with the given angular momentum, so that we may associate to the elliptic orbit this particular circular orbit. They of course share the 2π-periodicity, and this means that, considering them together, if we assume that the two radii vectors overlap at ϕ = 0, the pericenter of the elliptic orbit, they will overlap again at the successive pericenter ϕ = 2π, despite from dynamical point of view the respective polar angles assume over time different values in the other positions (apocenter excluded) in a way dictated by the constancy of the respective areas swept out. But, putting aside the time which is extraneous to the mathematics of our problem, it is sufficient to think that the two orbits are connected to one another as specified only at this special points, and that therefore in passing from one pericenter to the successive, both radii vectors rotate through an angle 2π about the origin. This angle may be obtained directly from the solution swapping A and 2π in Eq. (4), so that we may write P̂ u ≡ 1 A ∫_{2π} 0 u dϕ = 2π, (5) because the definite integration may be considered as the application of a linear operator P̂ to the solution u, being P̂ a mathematical device acting as a detector which measures the angular period, that is the angle separating two successive passages of the body through pericenters.

III. THE RELATIVISTIC PRECESSION

The general relativistic corrections to orbital dynamics imply that the classical Eq. (1) is substituted by the nonlinear polar orbit equation^{40}

u^{′′}_r + u_r = A + Bu^2_r, (6)

where B = 3α, being α ≡ 3μ/c^2 the gravitational radius of the central attractor, generally a tiny fraction of typical orbital dimensions. Without any attempt to try finding an approximate bound solution, let’s handle it in a simple, but meaningful way. To do this, wanting to highlight a secular effect on the orbit, we put u^2_r = ū^2 = A^2 in the last term of Eq. (6). This means assuming as first approximation to the solution just that circular orbit we associated to the unperturbed elliptic orbit, with the shared property with the latter we alluded to before. We obtain so a linear equation containing a constant perturbation

u^{′′}_r + u_r = A_r, A_r ≡ A + A^2B, (7)

whose solution in the perifocal system may be written in the form

u_r = A_r + A_r e cos ϕ = u + A^2B + A^2B e cos ϕ = u + δu, (8)

namely as the sum of the unperturbed elliptic solution with added a perturbation term factored by B. It is worthy noting that e is unaffected by the perturbation, so it is still completely arbitrary in its interval of definition. As we consider Eq. (7) as a perturbed version of Eq. (1), it is legitimate to apply to the solution (8) the operator P̂ , the detector of the angular period, and thus we get P̌ u_r = P̂ u + P̂ δu = 2π + 2πAB, (9) which also represents the lowest-order contribution to the precession of the circular orbit per revolution that occurs in the direction of increasing true anomaly. In substance, the relativistic term makes a circumference of the circular orbit shorter by AB which in turn makes a deficit of angle of rotation of 2πAB. So, to complete one revolution along the orbit of radius 1/A for which is calibrated the operator P̂ , the orbiting body needs to rotate this same extra angle and this in turn is reflected in the pericenter shift of the associate elliptic orbit because of the compulsory coincidence of the angular positions of the two radii vectors at this special point. In conclusion, expressing A in terms of the elliptical elements of the orbit, from

Eq. (9) it follows the Einstein’s precession formula

P̂ u_r = 2π + 6πα a(1 − e^2)

. (10)

The essential feature of the approach followed (a particular averaging method) is that, without the need of using any specific perturbation equation, it employs the circular motion as a test motion for which, thorough the operator P̂ , is easy to obtain the leading precession term, which is pari passu transferred to the elliptical orbit. When applied to other types of inverse-power perturbing central forces (not necessarily of academic interest) this method gives the dimensionally correct algebraic form of the precessional term but off target by a small numerical factor, so underestimating the proper orbital precession determined with other methods.^{46–56} We deduce that in these instances the procedure cannot fully capture the real variation of A on the sole basis of the unperturbed averaged value of u employed in the approximation, and this is perhaps due to the fact that the constant A appears linearly after the action of the operator P̂ only with the occurrence of a quadratic nonlinearity as in Eq. (6), and we were lucky enough that in the most important case of physical interest it works well. In the other cases, the method should be refined.

IV. CONCLUSIONS

It would be interesting to see whether it can similarly treat another case of possible relativistic precession, the Lense Thirring drag,^{57} to which we dedicate here only a fleeting mention. This effect closely parallels the way in which a rotating electrically charged body generates magnetism. The analogy has helped to organize the understanding of the phenomenon and to determine predictions experimentally testable. The Gravity Probe B satellite^{58,59} achieved an accuracy within 19 per cent of the expected orbit change; other satellites got a rather similar level of accuracy. Researchers hope to achieve 1 per cent with LARES.^{60–62} In this phenomenological approach the forces in play are non-central, so that our method is not directly applicable, but it would not be difficult to conceive a model in an appropriate plane of symmetry which allows to simply deduce, with suitable geometrical and physical insight to justify the mathematics employed, the leading precessional term with a minimum effort. We suggest also to use the method in some non-Newtonian model of gravity, as the Yukawa-like fifth force.^{63} Here we have no problems of non-centrality, so it is easy write down the relative polar equation and hence the precession term, but after that assumptions must be made on the figures to be assigned to the free parameters in such a way as to obtain testable results for realistic models of astrophysical systems.

∗ Electronic address: s.elmo@mail.com 1 D. P. Rubincam, Celest. Mech. Dyn. Astron. 15 (1977) 21. 2 L. Cugusi and E. Proverbio, Astron. Astrophys. 69 (1978) 321.

3 I. Ciufolini and R. Matzner, Int. J. Mod. Phys. A 7 (1992) 843.

4 L. Iorio, I. Ciufolini, E. C. Pavlis, Measuring the relativistic perigee advance with satellite laser ranging, Class. Quantum Grav. 19 (2002) 4301-4309.

5 L. Iorio, Perspectives on measuring the PPN parameters Beta and Gamma in Earth’s gravitational field to high accuracy with CHAMP/GRACE models, International Journal of Modern Physics D Vol. 17, No. 5 (2008) 815-829.

6 Lucchesi, David M.; Peron, Roberto, Phys. Rev. Lett., vol.

105, Issue 23, id. 231103 (2010).

7 L. Iorio, H.I.M. Lichtenegger, C. Corda, M.L. Ruggiero, Astrophys Space Sci (2011) 331: 351-395.

8 L. Iorio, EPL, 96 (2011) 30001.

9 Ashby, N.; Bertotti, B., Relativistic perturbations of an earth satellite, Physical Review Letters, vol. 52, 1984, p. 485-488.

10 Bertotti, B., Twin probes for space geodesy, Nuovo Cimento C, Serie 1, vol. 1C, 1978, p. 299-314.

11 Lmmerzahl, C.; Ciufolini, I.; Dittus, H, et al., OPTIS–An Einstein Mission for Improved Tests of Special and General Relativity, General Relativity and Gravitation, Vol. 36, issue 10, p.2373-2416, (2004).

12 Iorio, L.; Ciufolini, Ignazio; Pavlis, Erricos C, Classical and Quantum Gravity, Volume 21, Issue 8, pp. 2139-2151 (2004).

13 L. Iorio, Class. Quantum Grav. 19 (2002) 2393-2398. 14 Flechtner, Frank; Neumayer, Karl Hans; Kusche, Jrgen;

Schfer, Wolfgang; Sohl, Frank, Advances in Space Research, Volume 42, Issue 8, p. 1405-1413 (2008).

15 L. Iorio, A note on the evidence of the gravitomagnetic field of Mars, Classical and Quantum Gravity, Volume 23, Issue 17, pp. 5451-5454 (2006) 16 W. A. Hiscock and L. Lindblom, Astrophys. J. 231 (1979) 224.

17 L. Iorio, Int. J. Mod. Phys. D 16 (2007) 11. 18 Helled, Ravit; Anderson, John D.; Schubert, Gerald;

Stevenson, David J., Jupiter’s moment of inertia: A possible determination by Juno, Icarus, Volume 216, Issue 2, p. 440-448, 2011.

19 Helled, R., Constraining Saturn’s Core Properties by a Measurement of Its Moment of Inertia? Implications to the Cassini Solstice Mission, The Astrophysical Journal Letters, Volume 735, Issue 1, article id. L16 (2011).

20 L. Iorio, Juno, the angular momentum of Jupiter and the Lense-Thirring effect, New Astronomy, Volume 15, Issue 6, p. 554-560, (2010).

21 A. Einstein, Sitzber. Kon. Preuss. Akad. Berlin 47 (1915) 831.

22 I. I. Shapiro et al., Phys. Rev. Lett. 28 (1972) 1594. 23 I. I. Shapiro, C. Counselman and R. King, Phys. Rev. Lett.

36 (1976) 555.

24 I. I. Shapiro, Solar system tests of general relativity: Recent results and present plans, in Proc. 12th Int. Conf. on General Relativity and Gravitation, Boulder, Colorado, 1989, eds. N. Ashby, D. Bartlett and W. Wyss (Cambridge University Press, Cambridge, 1990), p. 313.

25 L. Iorio, On the possibility of measuring the solar oblateness and some relativistic effects from planetary ranging, Astronomy Astrophysics, 433, 385-393 (2005) (Sun and its planets) 26 L. Iorio, Astronomy and Astrophysics, v.431, p.385-389 (2005).

27 L. Iorio, International Journal of Modern Physics D Vol.

20, No. 2 (2011) 181-232.

28 T. Damour, N. Deruelle, Ann. Inst. H. Poincar. Section A, vol. 43, no. 1, 107-132, (1985).

29 L. Iorio, Mon. Not. R. Astron. Soc. 411, 453-463 (2011). 30 Kannan R., Saha P., 2009, ApJ, 90, 1553.

31 Zakharov A. F., Nucita A. A., de Paolis F., Ingrosso G., 2007, Phys. Rev. D, 76, 062001.

32 Pal A., Kocsis B., 2008, MNRAS, 389, 191. 33 Jordan A., Bakos G., 2008, ApJ, 685, 543. 34 L. Iorio, New Astronomy 11 (2006) 490-494. 35 Adams F. C., Laughlin G., 2006a, ApJ, 649, 992. 36 Adams F. C., Laughlin G., 2006b, ApJ, 649, 1004. 37 Adams F. C., Laughlin G., 2006c, Int. J. Mod. Phys. D., 15, 2133.

38 L. Iorio, Classical and relativistic long-term time variations of some observables for transiting exoplanets, Mon. Not. R. Astron. Soc. 411, 167-183 (2011).

39 Miralda Escude J., 2002, ApJ, 564, 1019.

40 M.M. D’Eliseo, ”Higher-order corrections to the relativistic pericenter advance and the mass of binary pulsars.”, Astrophys. Space Sci. Volume 332, Number 1, 121-128, (2011).

41 T. Damour, G. Esposito-Farese, Phys.Rev. D53 (1996) 5541-5578.

42 J.M.Saca ”Relativistic Precession of the Orbital Perihelion Revisited”, Nuovo Cimento, Vol.110 B, No 1, pp 17-21 (1995).

43 J.M.Saca ”An exact solution to the relativistic advance of perihelion: correcting the Einstein approximation” Astrophys. Space Sci. Vol.315, p.365, (2008).

44 M.M. D’Eliseo, ”The first-order orbital equation”, Am. J.

Phys. 75, 352 (2007).

45 K. Kendig, Conics, p.243, MAA(2005).

46 M.M. D’Eliseo, ”Central forces and secular pericenter motion.”, Can.J.Phys. 85(10): 1045-1054, (2007).

47 M.M. D’Eliseo, ”The Gravitational Ellipse.”, J.Math.Phys.

50, 022901, (2009).

48 G.S. Adkins, J. McDonnell, and R. N. Fell, ”Cosmological perturbations on local systems,” Physical Review D, vol. 75, no. 6, Article ID 064011, 9 pages, (2007).

49 G. S. Adkins and J. McDonnell, ”Orbital precession due to central-force perturbations,” Physical Review D, vol. 75, no. 8, Article ID 082001, 7 pages, (2007).

50 L. Iorio, Advances in High Energy Physics Volume 2007, Article ID 90731,2007.

51 L. Iorio, Advances in Astronomy Volume 2008, Article ID 268647, (2008).

52 L. Iorio, G. Giudice, New Astronomy, Volume 11, Issue 8, p. 600-607.

53 A. W. Kerr, J. C. Hauck, and B. Mashhoon, ”Standard clocks, orbital precession and the cosmological constant,” Classical and Quantum Gravity, vol. 20, no. 13, pp. 2727- 2736, (2003).

54 Sanders R. H., 2006, Mon. Not. Roy. Astron. Soc., 370,

1519.

55 Sereno M., Jetzer Ph., 2006, Mon. Not. Roy. Astron. Soc., 371, 626.

56 M. L. Ruggiero, Perturbations of Keplerian Orbits in Stationary Spherically Symmetric Spacetimes, arXiv:1010.2114.

57 Lense, J., Thirring, H.: Über den Einfluss der Eigenrotation der Zentralkörper auf die Bewegung der Planeten und Monde nach der Einsteinschen Gravitationstheorie. Phys. Z. 19, 156 (1918).

58 Everitt, C.W.F., et al.: Testing relativistic gravity in space: gravity probe B: countdown to launch. In: Lmmerzahl, C., Everitt, C.W.F., Hehl, F.W. (eds.) Gyros, Clocks, Interferometers, p. 52. Springer, Berlin (2001).

59 Everitt C. W. F., DeBra D. B., Parkinson B. W., Turneaure J. P., Conklin J. W., Heifetz M. I., Keiser G. M., Silbergleit A. S., Holmes T., Kolodziejczak J., Al-Meshari M., Mester J. C., Muhlfelder B., Solomonik V., Stahl K.,

Worden P., Bencze W., Buchman S., Clarke B., Al-Jadaan A., Al-Jibreen H., Li J., Lipa J. A., Lockhart J. M., Al- Suwaidan B., Taber M. and Wang S., Phys. Rev. Lett., 106 (2011) 221101.

60 Ciufolini, Ignazio; Paolozzi, Antonio; Paris, Claudio, Overview of the LARES Mission: orbit, error analysis and technological aspects, Journal of Physics: Conference Series, Volume 354, Issue 1, pp. 012002 (2012) 61 Paolozzi, Antonio; Ciufolini, Ignazio; Vendittozzi, Cristian, Engineering and scientific aspects of LARES satellite, Acta Astronautica, v. 69, iss. 3-4, p. 127-134, 2011 62 L. Iorio, Will the recently approved LARES mission be able to measure the Lense-Thirring effect? General Relativity and Gravitation, Volume 41, Issue 8, pp.1717-1724, 2009 63 E. Fishbach, C.L. Talmage, The Search of Non-Newtonian Gravity. AIP-Press (1998).