arXiv:gr-qc/0701042v5 23 Jan 2007

High-precision measurement of frame-dragging with the Mars Global Surveyor spacecraft in the gravitational field of Mars

Lorenzo Iorio Viale Unità di Italia 68, 70125 Bari (BA), Italy tel. 0039 328 6128815 e-mail: lorenzo.iorio@libero.it

Abstract In this letter we accurately measure the general relativistic gravitomagnetic Lense-Thirring effect by analyzing the post-fit residuals of the out-of-plane portion of the orbit of the Martian polar orbiter Mars Global Surveyor (MGS) over a time span of about 5 years (14 November 1999-14 January 2005). Our result is μ = 0.9937 ± 0.0053; general relativity predicts μ = 1. A previous test of the Lense-Thirring effect conducted in the Earth’s gravitational field with the LAGEOS satellites reached a ≈ 10% level, although it is still controversial. The expected accuracy of the GP-B mission, aimed at the detection of another gravitomagnetic effect in the terrestrial gravitational field, i.e. the Schiff precession of a gyroscope, is about 1%. The precision of our test is 0.5%.

Keywords: gravity tests; Lense-Thirring effect; Mars Global Surveyor

PACS: 04.80.-y, 04.80.Cc, 95.10.Ce, 95.55.Pe, 96.30.Gc, 96.12.Fe

1 The gravitomagnetic Lense-Thirring effect

In the framework of the weak-field and slow-motion linearized approximation of general relativity [24], the gravitomagentic Lense-Thirring effect consists of tiny secular precessions of the longitude of the ascending node Ω and the argument of pericentre ω of the orbit of a test particle freely moving in the gravitational field of a slowly rotating body of mass M and angular momentum J [21, 2, 6, 36, 1, 10] Ω̇_{LT} =^{2GJ}

c^2a^3(1−e^2)^{3/2} ,

ω̇_{LT} = −^{6GJ cos i}

c^2a^3(1−e^2)^{3/2} , (1) where G is the Newtonian gravitational constant, c is the speed of light in vacuum, a, e and i are the semimajor axis, the eccentricity and the inclination of the orbital plane to the central body’s equator, respectively. It maybe of interest to recall that de Sitter in [7] worked out, for the first time, the gravitomagnetic pericentre precession in the case of equatorial orbits (i = 0 deg). In general, the gravitomagnetic force affects the in-plane transverse and the out-of-plane cross-track portions of the orbit of a test particle. Indeed, the shifts along the radial R, transverse T and normal N directions can be, in general, expressed in terms of the Keplerian orbital elements as [3] ΔR = √ (Δa)^2 +^{[(eΔa+aΔe)2+(aeΔM)2 ]} 2 , ΔT = a √ 1 +^{e2}_2 [ ΔM + Δω + cos iΔΩ + √ (Δe)^2 + (eΔM)^2 ] ,

ΔN = a √( 1 +^{e2}_2

) [_{(Δi)2}

2 + (sin iΔΩ)^2 ] , (2) where M is the mean anomaly. The Lense-Thirring shifts are, thus

ΔR_{LT} = 0,

ΔT_{LT} = a √ 1 +^{e2}_2 (Δω_{LT} + cos iΔΩ_{LT}) ,

ΔN_{LT} = a √ 1 +^{e2}_2 sin iΔΩ_{LT}. (3)

For an equatorial orbit there is only the transverse shift ΔT_{LT}, while for a polar (i = 90 deg) satellite only the out-of-plane shift ΔN_{LT} is present. This fact can be more intuitively grasped in the following way. In general, a timevariation of the argument of pericentre ω, which is an angle entirely residing in the orbital plane delimited by the line of the nodes and the apsidal line, can be obtained by subtracting the projection of the nodal motion to the orbital plane, i.e. cos iΩ̇, from the precession of the longitude of the pericentre ϖ. For a polar orbital geometry the projection of the node’s motion to the orbital plane is zero. According to the well-known Gauss variation equations [33], the remaining shift induced by a small perturbing acceleration A is due to its in-plane radial A_R and transverse A_T components. The Lense-Thirring effect is due to a Lorentz-like acceleration [22]

A_{LT} = −2 ( v c ) × B_g; (4) the gravitomagnetic field [22]

B_g = G[3r(r · J) − r^2J] cr^5 (5) for i = 90 deg lies in the test particle’s orbital plane which contains also J, so that the net gravitomagnetic force is entirely normal to the orbital plane.

Up to now, all the performed and ongoing tests of gravitomagnetism were implemented in the weak-field and slow-motion scenarios of the Earth and Mars gravitational fields. Indeed, Lense and Thirring in their original paper considered the possibility of using the natural satellites of Jupiter [21], but such a possibility is not yet viable [18]. In regard to the Sun and its rocky planets, first attempts to detect their gravitomagnetic perihelion shifts were reported in [13]: the predictions of general relativity are, in fact, in agreement with the latest determinations of the periehlion advances of the inner planets [29], but the errors are still large. As far as the Earth is concerned, a test of the Lense-Thirring effect on the orbit of a test particle was reported in [4]. Their authors analyzed the data of the laser-ranged LAGEOS and LAGEOS II satellites by using an observable independently proposed in [31, 32] and [17]. The idea of using the LAGEOS satellite and, more generally, the Satellite Laser Ranging (SLR) technique to measure the Lense-Thirring effect in the terrestrial gravitational field with the existing artificial satellites was put forth for the first time by Cugusi and Proverbio in [6]. The error claimed in [4] is 5-10%; however, the assessment of the total accuracy of such a test raised a lively debate [11, 12, 14, 15, 5, 23]. The GP-B spacecraft [8, 9] was launched in April 2004 with the aim of measuring another gravitomagnetic effect, i.e. the Schiff precession [30, 34] of the spins of four superconducting gyroscopes carried onboard, with an expected accuracy of 1% or better. The results are planned to be released in Spring 2007. Recently, a preliminary 6% LT test on the orbit of the Mars Global Surveyor (MGS) spacecraft (see Table 1 for its orbital parameters) in the gravitational field of Mars was reported in [16]; indeed, the predictions of general relativity are able to accommodate, on average, about 94% of the measured residuals in the out-of-plane part of the MGS orbit over 5 years. Finally, it must be mentioned that, according to Nordtvedt [26, 28], experiments and/or data analyses aimed at directly testing specific predictions of gravitomagnetism are certainly important, but we would already have evidences, although indirect, of its existence. Indeed, the multi-decade analysis of the Moon’orbit by means of the Lunar Laser Ranging (LLR) technique yields a comprehensive test of the various parts of order O(c^{−2}) of the post-Newtonian equation of motion. The existence of the Lense-Thirring signature as predicted by

Table 1: Orbital parameters of MGS [19]; a is the semimajor axis, i is the inclination and e is the eccentricity.

a (km) i (deg) e 3792.42 92.86 0.0085

general relativity would, then, be indirectly inferred from the high accuracy of the lunar orbital reconstruction. Also the radial motion of the LAGEOS satellite would yield another indirect confirmation of the existence of the Lense-Thirring effect [27].

In this letter we perform a direct test by improving the accuracy of the previous one with MGS [16] by means of a different data set, a refinement of the overall calculation and a realistic and conservative assessment of the error estimate. The details of the adopted strategy can be found in [16, 19]; here we will briefly recall them.

2 Using the MGS data in the gravitational field of Mars

In [19] six years of MGS Doppler and range tracking data and three years of Mars Odyssey Doppler and range tracking data were analyzed in order to obtain information about several features of the Mars gravity field summarized in the global solution MGS95J. As a by-product, also the orbit of MGS was determined with great accuracy. In Figure 3 of [19] the root-sum-square residuals of the radial, transverse and normal portions of its orbit over the entire mission (4 February 1999−14 January 2005) are shown; their averages amount to ⟨ΔR_{res}⟩ = 15 cm,

⟨ΔT_{res}⟩ = 1.5 m,

⟨ΔN_{res}⟩ = 1.6 m. (6)

It is important to note that in the suite of dynamical force models used to reduce the gathered observations general relativity is, in fact, present, but only with the gravitoelectric Schwarzschild-like part: the gravitomagnetic one is not included, so that, in general, it is fully accounted for by the determined residuals. From eq. (3) it turns out that only the out-of-plane portion of the orbit of a polar satellite like MGS is affected by gravitomagnetism via the Lense-Thirring effect: from eq. (1) and eq. (3) the mean gravitomagnetic normal shift, averaged over a temporal interval ΔP , is

⟨ΔN_{LT}⟩ = GJΔP sin i √ 1 +^{e2}_2 c^2a^2(1 − e^2)^{3/2}

. (7)

Moreover, no empirical out-of-plane accelerations were fitted in the data reduction process; this was only done for the along-track component of MGS orbit to account for other non-gravitational forces like thermal, solar radiation pressure and drag mismodelling. Thus, it is unlikely that the out-of-plane Lense-Thirring signal was removed from the data in the least-square procedure. Moreover, if the relativistic signature was removed so that the determined out-of-plane residuals were only (or mainly) due to other causes like mismodelling or unmodelling in the non-gravitational forces, it is difficult to understand why the along-track residuals (middle panel of Figure 3 of [19]) have almost the same magnitude, since the along-track component of the MGS orbit is much more affected by the non-gravitational accelerations (e.g. the atmospheric drag) than the out-of-plane one. Finally, the following consideration should further enforce our conclusion. The improved modelling of the non-gravitational forces acting on MGS introduced in [19] with respect to previous works [20, 40] in which the Lense-Thirring effect was not modelled as well, only affected in a relevant way the along-track residuals (a factor 10 better than [20, 40]), not the normal ones (just a factor 2 better than [20, 40]).

By using a time span ΔP of slightly more than 5 years (14 November 1999−14 January 2005), so to remove the first months of the mission more affected by orbital maneuvers and non-gravitational perturbations, it is possible to obtain ⟨ΔN_{res}⟩ = 1.6 m. (8)

Let us, now, compare the result of eq. (8) with the mean gravitomagnetic shift predicted by eq. (7) over the same time span; according to our hypothesis, the Lense-Thirring force of Mars is responsible for the averaged residual normal signature of eq. (8). The figures of Table 2 for the Mars’relevant parameters and those of Table 3 for the fundamental constants entering the calculation yield

μ_{meas} ≡

⟨ΔN_{res}⟩ ⟨ΔN_{LT}⟩ | | |_{ΔP} = 0.9937 ± 0.0053; (9)

according to our hypothesis, μ_{expected} = 1. The error was conservatively

Table 2: Relevant parameters of Mars used in the text. The parameter α ≡ C/MR^2 is the normalized polar moment of inertia, R is the reference Mars radius in MGS95J model, while P is the Martian sidereal period of rotation. From such values and from J = αMR^22π/P it can be obtained J = (1.92 ± 0.01) × 10^{32} kg m^2 s^{−1} for the Martian angular momentum.

GM (10^9 m^3 s^{−2}) R (km) α P (d) 42828.37440 ± 0.00028 [19] 3396.0 [19] 0.3654 ± 0.0008 [19] 1.02595675 [35]

Table 3: Values used for the defining, primary and derived constants (http://ssd.jpl.nasa.gov/?constants#ref).

constant numerical value units reference c 299792458 m s^{−1} [25] G (6.6742 ± 0.0010) × 10^{−11} kg^{−1} m^3 s^{−2} [25] 1 mean sidereal day 86164.09054 s [37] 1 mean sidereal year 365.25636 d [37]

evaluated as δμ ≤ δμ|_J + δμ|_G + δμ|_a, (10) with δμ|_J ≤ μ^{δJ}_J = 0.0052, δμ|_G ≤ μ^{δG}_G = 0.0001, δμ|_a ≤ 2μ^{δa}_a = O(10^{−8}).

(11)

As can be noted, the major source of bias is represented by the angular momentum of Mars. Its uncertainty was evaluated as δJ ≤ δJ|_R + δJ|_α + δJ|_M , (12) with δJ|_R ≤ 2J^{δR}_R = 7 × 10^{29} kg m^2 s^{−1},

δJ|_α ≤ J^{δα}_α = 4 × 10^{29} kg m^2 s^{−1},

δJ_M ≤ J^{δ(GM)}_{GM} = O(10^{24}) kg m^2 s^{−1}.

(13)

We linearly added all the errors in a conservative way; in regard to α and GM this is particularly important because they are fit-for parameters of the global solution and, consequently, are certainly affected by correlations which were not explicitly released in [19]. It must also be noted that the uncertainties quoted in Table 2 are realistic, not the mere formal, statistical errors; indeed, the quoted uncertainty in α is, e.g., 15 times the formal one [19]. Also the formal error in GM was re-scaled [19]. We also considered an uncertainty in R by assuming as a realistic measure of it the difference δR = 6080 m between the reference MGS95J value for the equatorial radius quoted in Table 2 from [19] and the value 3389.92 km released in [39], instead of the error of 0.04 km quoted in [39]. In regard to the error in a, we assumed from eq. (6) δa ≈ 15 cm in view of the very small eccentricity of the MGS orbit.

About the consistency of our measurement with general relativity, let us note the following. The discrepancy between our measured value of eq. (9) and the predicted one amounts to 1.18 σ; thus, the tabulated values of the normal integral of errors tell us that the probability P of obtaining a value of μ which differs from the expected one by 1.18 or more σ

P(outside 1.18 σ) ≡ 1 − P(within 1.18 σ) (14)

amounts to 23.8%, i.e. the obtained discrepancy is not significant at the commonly accepted 5% significance level. A further, chi-square check can be done in the following way. The number of degrees of freedom d of our measurement can be assessed as follows. The number n of data points used in our analysis for the chosen ΔP is n = 348; from them we calculated k = 1 parameter, i.e. the average of eq. (8). Thus, d = 347; the obtained reduced chi-square ~χ^2_{meas} is quite smaller than unity amounting to

~χ^2_{meas} ≡ 1 d ( μ_{meas} − μ_{expected} δμ )_2 = 0.004. (15)

Another important remark concerning our measurement is the following one: the interpretation of the MGS residuals presented in this paper and their production from the collected data were made by distinct and independent subjects in different times; moreover, the authors of [19] had not the Lense-Thirring effect in mind at all when they performed their analysis. Thus, the possibility of any sort of (un)conscious gimmicks, tricks or tweaking the data because the expected answer was known in advance [38] is a priori excluded in this test.

We conclude by summarizing our result: the ratio μ of the mean of the cross-track residuals of MGS from 14 November 1999 to 14 January 2005 to the mean of the Lense-Thirring shift over the same time interval amounts to μ = 0.9937 ± 0.0053. To date, it is the most accurate measurement of such a general relativistic effect. Although we lost contacts with MGS since early November 2006, more independent tests can be performed in the near future when a sufficient amount of data from the Odyssey and, especially, Mars Reconnaissance Orbiter (MRO) orbiters will be available and processed.

Acknowledgments

I gratefully thank A. Konopliv, NASA Jet Propulsion Laboratory (JPL), for having kindly provided me with the entire MGS data set.

References

[1] Ashby N and Allison T 1993 Celest. Mech. Dyn. Astron. 57 537

[2] Barker B M and O’Connell R F 1974 Phys. Rev. D 10 1340

[3] Christodoulidis D C, Smith D E, Williamson R G and Klosko S M 1988 J. Geophys. Res. 93(B6) 6216

[4] Ciufolini I and Pavlis E C 2004 Nature 431 958

[5] Ciufolini I and Pavlis E C 2005 New Astron. 10 636

[6] Cugusi L and Proverbio E 1978 Astron. Astrophys. 69 321

[7] de Sitter W 1916 Mon. Not. Roy. Astron. Soc. 76 699

[8] Everitt C W F 1974 in: Proc. Int. School Phys. ”Enrico Fermi” Course LVI. ed Bertotti B (New York: New Academic Press) pp. 331–360. Reprinted in: 2003 Nonlinear Gravitodynamics ed Ruffini R J and Sigismondi C (Singapore: World Scientific) pp 439–468.

[9] Everitt C W F et al. 2001 in: Gyros, Clocks, Interferometers...:

Testing Relativistic Gravity in Space ed Lämmerzahl C, Everitt C W F and Hehl F W (Berlin: Springer) pp 52–82.

[10] Iorio L 2001 Nuovo Cim. B 116 777 2001

[11] Iorio L 2005a New Astron. 10 603

[12] Iorio L 2005b New Astron. 10 616 [13] Iorio L 2005c gr-qc/0507041 [14] Iorio L 2006a J. of Geodesy 80 128 [15] Iorio L 2006b Plan. Space Sci. doi:10.1016/j.pss.2006.08.001 [16] Iorio L 2006b Class. Quantum Grav. 23 5451 [17] Iorio L and Morea A 2004 Gen. Relativ. Gravit. 36 1321 [18] Iorio L and Lainey V 2005 Int. J. Mod. Phys. D 14 2039 [19] Konopliv A S et al 2006 Icarus 182 23 [20] Lemoine F G et al 2001 J Geophys Res 106 23359 [21] Lense J and Thirring H 1918 Phys. Z. 19 156 translated and discussed by Mashhoon B, Hehl F W and Theiss D S 1984 Gen. Relativ. Gravit. 16 711. Reprinted in: 2003 Nonlinear Gravitodynamics ed Ruffini R J and Sigismondi C (Singapore: World Scientific) pp 349–388 [22] Lichtenegger H, Iorio L and Mashhoon B 2006 Ann. Physik 15 868 [23] Lucchesi D 2005 Int. J. Mod. Phys. D 14 1989 [24] Mashhoon B, Gronwald F and Lichtenegger H 2001 in: Gyros, Clocks, Interferometers...: Testing Relativistic Gravity in Space. ed Lämmerzahl C, Everitt C W F and Hehl F W (Berlin: Springer) pp 83–108 [25] Mohr P J and Taylor B N 2005 Rev. Mod. Phys. 77 1 [26] Nordtvedt K 1988a Int. J. Theor. Phys. 27 1395 [27] Nordtvedt K 1988b Phys. Rev. Lett. 61 2647 [28] Nordtvedt K 2003 in: Nonlinear Gravitodynamics. The Lense– Thirring Effect ed Ruffini R J and Sigismondi C (Singapore: World Scientific) pp 35–45 [29] Pitjeva E V 2005 Astron. Lett. 31 340

[30] Pugh G E 1959 WSEG, Research Memorandum No. 11. Reprinted in: 2003 Nonlinear Gravitodynamics. The Lense–Thirring Effect ed Ruffini R J and Sigismondi C (Singapore: World Scientific) pp 414– 426 [31] Ries J C, Eanes R J and Tapley B D 2003a in: Nonlinear Gravitodynamics. The Lense–Thirring Effect ed Ruffini R J and Sigismondi C (Singapore: World Scientific) pp 201–211

[32] Ries J C, Eanes R J, Tapley B D and Peterson G E 2003b in: Proceedings of the 13th International Laser Ranging Workshop, NASA CP 2003-212248 ed Noomen R, Klosko S, Noll C and Pearlman M (Greenbelt: NASA Goddard) (Preprint http://cddisa.gsfc.nasa.gov/lw13/lw proceedings.html#science)

[33] Roy A E 2003 Orbital Motion, Fourth edition (Bristol: Institute of Physics Publishing)

[34] Schiff L 1960 Am. J. of Phys. 28 340

[35] Seidelmann K P (ed) 1992 Explanatory Supplement to the Astronomical Almanac (Mill Valley: University Science Books)

[36] Soffel M H 1989 Relativity in Astrometry, Celestial Mechanics and Geodesy (Berlin: Springer)

[37] Standish E M 1995, in: Appenzeller I (ed), Highlights of Astronomy, Table 1, (Dordrecht: Kluwer Academic Publishers)

[38] Weinberg S 1993 Dreams of a final theory (New York: Vintage Books)

[39] Yoder C F 1995 in: Global Earth Physics, A Handbook of Physical Constants, AGU Reference Shelf 1 (American Geophysical Union) Table 6

[40] Yuan D N et al 2001 J Geophys Res 106 23377