arXiv:gr-qc/0505106 v3 2 Oct 2005

The impact of the new Earth gravity model EIGEN-CG03C on the measurement of the Lense-Thirring effect with some existing Earth satellites

Lorenzo Iorio, FRAS, DDG

Viale Unità di Italia 68, 70125 Bari, Italy e-mail: lorenzo.iorio@libero.it

Abstract

The impact of the latest combined CHAMP/GRACE/terrestrial measurements Earth gravity model EIGEN-CG03C on the measurement of the Lense-Thirring effect with some linear combinations of the nodes of some of the existing Earth’s artificial satellites is presented. The 1-sigma upper bound of the systematic error in the nodenode LAGEOS-LAGEOS II combination is 3.9% (4% with EIGEN- GRACE02S, ∼ 6% with EIGEN-CG01C and ∼ 9% with GGM02S), while it is 1% for the node-only LAGEOS-LAGEOS II-Ajisai-Jason-1 combination (2% with EIGEN-GRACE02S, 1.6% with EIGEN-CG01C and 2.7% with GGM02S).

1 Introduction

In this brief note we release an update about the impact of the Newtonian part of the terrestrial gravitational potential on the measurement of the general relativistic gravitomagentic Lense-Thirring effect [1] with some linear combinations [2, 3, 4, 5, 6, 8, 7] of the orbital residuals of the nodes Ω and the perigees ω of certain existing Earth’s artificial satellites. The Earth gravity model EIGEN-CG03C [9], recently released by the GeoForschungsZentrum^1 (GFZ), is considered here.

The gravity field combination model EIGEN-CG03C is an upgrade of EIGEN-CG01C [10]. The model is based on the same CHAMP mission and surface data (0.5 x 0.5 deg. gravimetry and altimetry), but takes into account almost twice as much GRACE mission data. Instead of 200 days

1See on the WEB http://www.gfz-potsdam.de/pb1/op/grace/results/index RESULTS.html for retrieving the model

now 376 days out of February to May 2003, July to December 2003 and February to July 2004 have been used.

Let us recall that one of the most important sources of systematic error in measuring the Lense-Thirring precessions with the data from the Earth’s satellites is represented by the much larger classical effects induced by the static and time–varying parts of the even zonal harmonic coefficients J_ℓ, J̇_ℓ ℓ = 2, 4, 6, ... of the multipolar expansion of the terrestrial gravitational potential. Indeed, the accuracy with which such parameters are currently known does not yet allow to analyze only one satellite. The linear combination approach, proposed for the first time by Ciufolini [2] and, subsequently, extended and generalized by Iorio [3, 4, 5, 6, 7], consists in suitably combining the orbital elements of different satellites in order to disentangle, by construction, the Lense-Thirring effect from the largest number of even zonals as possible.

2 Some linear combinations

2.1 The node-node-perigee combination with the LAGEOS satellites

The first combination proposed and analyzed with some of the latest pre- CHAMP/GRACE Earth gravity models involves the nodes of LAGEOS and LAGEOS II and the perigee of LAGEOS II [2]. It cancels out J_2 and J_4 but is heavily affected by the non-gravitational perturbations (direct solar radiation pressure, Earth’s albedo, thermal effects as the solar Yarkovsky- Schach and the terrestrial Yarkovsky-Rubincam forces) which act on the perigee of the LAGEOS-type satellites.

2.2 The node-node combination with the LAGEOS satellites

Later, the improvements in our knowledge of the terrestrial gravitational field due to the first CHAMP and, especially, GRACE models allowed to explore different alternatives. The most viable, from the point of view of the reduction of the non-gravitational perturbations and of the relative easiness of the data-analyzing process, is the J_2−free combination^2 of the nodes of LAGEOS and LAGEOS II [3, 4, 5, 6] which has recently been used in a test with real data over 11 years [12]. It has the great advantage of discarding the perigee of LAGEOS II. However, it is affected by J_4, J_6, J_8..., J̇_4, J̇_6 whose

2The idea of only using the nodes of the LAGEOS satellites in view of the results from the GRACE mission was qualitatively put forth for the first time in [11].

impact on the total available accuracy is still rather controversial [13, 14]. It is so mainly because the error due to the static part of the geopotential even zonals J_4, J_6, J_8, ... is still rather model-dependent ranging from ∼ 4% to ∼ 9% at 1-sigma level. Moreover, the effect of the secular rates J̇_4, J̇_6, which could induce an additional ∼ 11% bias of the Lense-Thirring effect thus increasing the total error to 19-24% at 1-sigma level, is important as well.

2.3 The node-only LAGEOS-LAGEOS II-Ajisai-Jason-1 combination

A combination involving the nodes of LAGEOS, LAGEOS II, Ajisai and the altimeter satellite Jason-1 has been proposed in [7, 8]. It cancels out J_2, J_4, J_6 along with their secular variations J̇_2, J̇_4, J̇_6. As a consequence, the systematic error due to the remaining even zonal harmonics is smaller (∼ 1 − 2%) and less model-dependent than that of the node-node LAGEOS- LAGEOS II combination. Another important point is that GRACE should better improve the mid-high degree even zonal harmonics which are just the most relevant for such a combination. Thus, it is likely that the error of gravitational origin will be further reduced well below the 1% level with the forthcoming, more robust solutions from GRACE. Instead, it might be not so for the node-node LAGEOS-LAGEOS II combination because of the fact that it is affected by the low-degree zonals J_4, J_6 for which the future improvements by GRACE should be less relevant. The weakest point of the use of Jason-1 is represented by the non-gravitational perturbations acting on such a spacecraft of complex shape and attitude. Indeed, the Jason’s area-to-mass ratio S/M, to which the non-gravitational forces are proportional, is almost two orders of magnitude larger than that of the LAGEOS satellites. On the other hand, the coefficient with which Jason-1 enters the combination is 0.068, i.e., just two orders of magnitude smaller than the coefficients weighing LAGEOS (1) and LAGEOS II (0.347). Moreover, no secular or sinusoidal perturbations with long periods should affect the node of Jason-1. Finally, the orbital maneuvers which periodically are performed are mainly, although not entirely, in-plane, while the node is related to the out-of-plane component of the orbital path. Thus, the implementation of such a combination, although certainly more difficult than the analysis of the observables involving LAGEOS and LAGEOS II, should deserve attention from the geodesist’s community.

Table 1: Percent systematic error^{δμ}_μ | | even zonals

in the measurement of the Lense-Thirring effect with various linear combinations of the nodes Ω and the perigees ω of some existing geodetic and altimeter satellites due to the uncancelled even zonal harmonics of the geopotential according to the calibrated sigmas of the EIGEN-CG03C Earth gravity model. The quoted errors are 1-sigma level upper bounds calculated by linearly adding over degree ℓ the absolute values of the combined mismodelled precessions. No covariance matrix was used. The 1-sigma root-sum-square errors are quoted in round brackets. L=LAGEOS, L II=LAGEOS II, Aji=Ajisai, Jas=Jason-1, Str=Starlette, Stl=Stella.

Combination^{δμ}_μ (%)

Ω^L − Ω^{L II} − ω^{L II} [2] 0.6 (0.4) Ω^L − Ω^{L II} [3, 4, 5, 6] 3.9 (3.0) Ω^L − Ω^{L II} − Ω^{Aji} − Ω^{Jas} [7, 8] 1.0 (0.5) Ω^L − Ω^{L II} − Ω^{Aji} − Ω^{Str} − Ω^{Stl} [3, 4, 8] 19.9 (6.2)

2.4 The node-only LAGEOS-LAGEOS II-Ajisai-Starlette-Stella combination

A combination involving only the nodes of the currently best tracked geodetic satellites LAGEOS, LAGEOS II, Ajisai, Starlette and Stella was also proposed [3, 4]. However, it turned out to be not competitive with the other implemented or proposed combinations because of the larger number of even zonal harmonics of high degree to which the other low-altitude satellites like Starlette and Stella are sensistive.

3 The results

The results obtained with EIGEN-CG03C are shown in Table 1. It should be noted that the 1-sigma upper bounds of the error in the node-node LAGEOS-LAGEOS II combination are ∼ 6% with EIGEN-CG01C, 4% with the GRACE-only GFZ EIGEN-GRACE02S solution [15] and ∼ 9% with the Center for Space Research (CSR/UT) GRACE-only GGM02S model [16]. In regard to the combination involving the nodes of LAGEOS, LAGEOS II, Ajisai and Jason-1, EIGEN-CG01C yields 1.6%, EIGEN-GRACE02S 2% and GGM02S 2.7%. The combination of the nodes of LAGEOS, LAGEOS II, Ajisai, Starlette and Stella still remains far from the achievable levels obtainable with the combination of the nodes of LAGEOS and LAGEOS II and the combination of the nodes of LAGEOS, LAGEOS II, Ajisai and Jason-1.

References

[1] Lense, J., and H. Thirring, Über den Einfluss der Eigenrotation der Zentralkörper auf die Bewegung der Planeten und Monde nach der Einsteinschen Gravitationstheorie, Phys. Z., 19, 156-163, 1918, translated and discussed by Mashhoon, B., F. W. Hehl, and D. S. Theiss, On the Gravitational Effects of Rotating Masses: The Thirring-Lense Papers, Gen. Rel. Grav., 16, 711-750, 1984. Reprinted in: Ruffini, R.J., and Sigismondi, C. (eds.), Nonlinear Gravitodynamics, (World Scientific, Singapore), 2003. pp. 349–388.

[2] Ciufolini, I., On a new method to measure the gravitomagnetic field using two orbiting satellites, Il Nuovo Cimento A, 109, 1709–1720, 1996.

[3] Iorio, L., and Morea, A., The impact of the new Earth gravity models on the measurement of the Lense-Thirring effect, Gen. Rel. Grav., 36, 1321–1333, 2004. (Preprint http://www.arxiv.org/abs/gr-qc/0304011).

[4] Iorio, L., The new Earth gravity models and the measurement of the Lense-Thirring effect. Paper presented at the Tenth Marcel Grossmann Meeting on General Relativity Rio de Janeiro, July 20-26, 2003. (Preprint http://www.arxiv.org/abs/gr-qc/0308022).

[5] Iorio, L., The impact of the new CHAMP and GRACE Earth gravity models on the measurement of the general relativistic Lense–Thirring effect with the LAGEOS and LAGEOS II satellites, in: Reigber, Ch., Lühr, H., Schwintzer, P., and Wickert, J. (eds.), Earth Observation with CHAMP - Results from Three Years in Orbit, (Springer, Berlin), 2005a. pp. 187–192. (Preprint http://www.arxiv.org/abs/gr-qc/0309092).

[6] Iorio, L., Recent Developments in Testing General Relativity with Space Geodetic Techniques, in: Lynch, T.V., (ed.), Horizons in World Physics, Vol. 245, (Nova, Hauppauge), pp. 1-25, 2004.

[7] Iorio, L., and Doornbos, E., How to reach a few percent level in determining the Lense-Thirring effect? Gen. Rel. Grav., 37 , 1059- 1074, 2005.

[8] Vespe, F., and Rutigliano, P., The improvement of the Earth gravity field estimation and its benefits in the atmosphere and fundamental physics, paper presented at 35th COSPAR Scientific Assembly Paris, France, 18 - 25 July 2004, COSPAR04-A-03614, submitted to Adv. Sp. Res., 2005.

[9] Förste, C., Flechtner, F., Schmidt, R., Meyer, U., Stubenvoll, R., Barthelmes, F., König, R., Neumayer, K.H. Rothacher, M., Reigber, Ch., Biancale, R., Bruinsma, S., Lemoine, J.-M., Raimondo, J.C., A New High Resolution Global Gravity Field Model Derived From Combination of GRACE and CHAMP Mission and Altimetry/Gravimetry Surface Gravity Data, Poster g004 EGU05-A- 04561.pdf presented at EGU General Assembly 2005, Vienna, Austria, 24-29, April 2005.

[10] Reigber, Ch., Schwintzer, P., Stubenvoll, R., Schmidt, R., Flechtner, F., Meyer, U., König, R., Neumayer, H., Förste, Ch., Barthelmes, F., Zhu, S.Y., Balmino, G., Biancale, R., Lemoine, J.-M., Meixner, H., and Raimondo, J.C., A High Resolution Global Gravity Field Model Combining CHAMP and GRACE Satellite Mission and Surface Gravity Data: EIGEN-CG01C, J. of Geodesy, in press, 2005.

[11] Ries, J.C., Eanes, R.J., Tapley, B.D., and Peterson, G.E., Prospects for an Improved Lense-Thirring Test with SLR and the GRACE Gravity Mission, in: Noomen, R., Klosko, S., Noll, C., and Pearlman, M. (eds.), Proc. 13th Int. Laser Ranging Workshop, NASA CP 2003-212248, (NASA Goddard, Greenbelt), 2003. (Preprint http://cddisa.gsfc.nasa.gov/lw13/lw proceedings.html#science).

[12] Ciufolini, I., and Pavlis, E.C., A confirmation of the general relativistic prediction of the Lense-Thirring effect, Nature, 431, 958– 960, 2004. (Submitted 2 June 2004).

[13] Iorio, L., On the reliability of the so far performed tests for measuring the Lense-Thirring effect with the LAGEOS satellites, New Astronomy, 10, 603-615, 2005b.

[14] Iorio, L., The impact of the new Earth gravity models on the measurement of the Lense-Thirring effect with a new satellite, New Astronomy, 10, 616-635, 2005c.

[15] Reigber, Ch., Schmidt, R., Flechtner, F., König, R., Meyer, U. Neumayer, K.-H., Schwintzer, P. and Zhu, S.Y. An Earth gravity field model complete to degree and order 150 from GRACE: EIGEN- GRACE02S, J. of Geodynamics, 39, 1–10, 2005.

[16] Tapley, B., Ries, J., Bettadpur, S., Chambers, D., Cheng, M., Condi, F., Gunter, B., Kang, Z., Nagel, P., Pastor, R., Pekker, T., Poole, S. and Wang, F. GGM02-An improved Earth gravity field model from GRACE, J. of Geodesy, DOI 10.1007/s00190-005- 0480-z, 2005.