arXiv:0908.1226v2 [gr-qc] 20 Aug 2009

On possible a-priori “imprinting” of General Relativity itself on some tests aimed to test it

Lorenzo Iorio^1 INFN-Sezione di Pisa. Permanent address for correspondence: Viale Unità di Italia 68, 70125, Bari (BA), Italy.

lorenzo.iorio@libero.it

Received ; accepted

– 2 –

ABSTRACT

We investigate the effect of possible a-priori “imprinting” effects of general relativity itself on satellite/spaceraft-based tests of it. We deal with some performed or proposed time-delay ranging experiments in the Sun’s gravitational field, and with the attempts to measure the Lense-Thirring effect with the LA- GEOS satellites orbiting the Earth. It turns out that the “imprint” of general relativity on the Astronomical Unit and the solar gravitational constant GM_⊙, not solved for in the so far performed spacecraft-based time-delay tests, induces an a-priori bias of the order of 10^{−6} in typical solar system ranging experiments aimed to measuring the space curvature PPN parameter γ. It is too small by one order of magnitude to be of concern for the performed Cassini experiment, but it would affect future planned or proposed tests aiming to reach a 10^{−7} − 10^{−9} accuracy in determining γ. General relativity, neither modelled nor solved for in the GRACE-based models of the Earth’s geopotential, “imprints” them at a non-negligible level. This translates into a bias of the LAGEOS-based tests as large as the Lense-Thirring effect itself.

Subject headings: Experimental studies of gravity Experimental tests of gravitational theories Ephemerides, almanacs, and calendars Lunar, planetary, and deep-space probes Satellite orbits Harmonics of the gravity potential field

– 3 –

PACS: 04.80.-y, 04.80.Cc, 95.10.Km, 95.55.Pe, 91.10.Sp, 91.10.Qm

1. Introduction

Several space-based tests of the Einstein’s General Theory of Relativity (GTR) have been performed, or attempted, in the more or less recent past by following an “opportunistic” approach, i.e. by suitably analyzing existing data sets of artificial satellites or interplanetary spacecrafts almost always built and launched for different original purposes (e.g. satellite geodesy, geodynamics, planetology, etc.). A cornerstone result was the Cassini radio science experiment (Iess et al. 1999) which lead to constraining the deviation of the PPN parameter γ from its general relativistic value of unity at a 10^{−5} level (Bertotti et al. 2003; Anderson et al. 2004) through the measurement of the general relativistic time delay affecting the electromagnetic waves linking the Earth and the Cassini spacecraft during its journey to Saturn when they were in superior conjunction, i.e. aligned and on opposite sides of the Sun. Many other high-precision space-based tests, aiming to reach levels as small as 10^{−7} − 10^{−9} in determining γ, have been proposed (Ni 2008; Ashby et al. 2009; Hobbs et al. 2009; Turyshev 2009; Milani 2009); indeed, some string-inspired cosmological models predict deviations from GTR at such a level (Damour and Polyakov 1994; Damour et al. 2002). Another example is given by the attempts to directly detect the general relativistic Lense-Thirring effect (Lense and Thirring 1918) in the gravitational field of the Earth with the LAGEOS and LAGEOS II satellites (Ciufolini and Pavlis 2004; Ries et al. 2008).

In this paper we wish to critically discuss certain subtle issues pertaining the consistency of such data analyses interpreted as genuine tests of GTR. In Section 2 we outline the problem in general terms. We will move to concrete examples in Section 3 in which we will deal with the Cassini-like ranging experiments (Section 3.1) and with the LAGEOS tests of the Lense-Thirring effect (Section 3.2). Section 4 is devoted to the conclusions.

2. The issue of the a-priori “imprinting” of GTR itself in tests dedicated to it: general considerations

In general^1, in such tests huge data sets from man-made interplanetary probes/satellites are confronted to given dynamical models of their motion in which the relativistic effect to be tested was explicitly included, with one or more solve-for parameters {P } accounting for it to be estimated in a least-square fashion along with many other ones {K}, not directly pertaining GTR.

1The Lense-Thirring tests with the LAGEOS satellites represent an exception in the sense that, as we will see, no dedicated parameter has ever been estimated so far.

– 4 –

Of crucial importance for interpreting such data analyses as genuine tests of GTR is to clarify how the numerical values of the models’ parameters {F } which have been kept fixed to certain reference values, i.e. which have not been solved-for, have been originally obtained. From the point of view of testing GTR, it is not enough that the resulting post-fit residuals of a certain directly observable quantity are statistically compatible with zero at a good level; the standard data reduction procedure used for the original goals of the missions exploited for the GTR test considered may not be valid, in principle, for performing a truly unbiased, genuine check of GTR which is not a “tautology”.

Indeed, if the primary task of a space-based mission is, for example, to reach a given astronomical target with a given accuracy, the only thing that is important to this aim is that the dynamical models adopted to predict the probe’s motion are accurate enough; this is usually quantitatively judged by inspecting the post-fit residuals of some directly measurable quantities like, e.g., ranges or range-rates. How the parameters {F } entering the models have been obtained, i.e. their a-priori values, does not matter at all: the only important thing is that the resulting fit of an existing set of observations is good enough to minimize the observable’s residuals.

Such an approach may, in principle, not be entirely adequate when the goal of the data analysis is testing a gravitational theory like GTR in an unambiguous, unbiased and self-consistent way. In this case, how the fixed parameters {F } of the models have been obtained does, in fact, matter. Indeed, if one or more of them {I} were previously obtained from different data of different bodies in such a way that they somehow retain a non-negligible a-priori “imprint” of the same effect we are now interested in, their use may bias the current test just towards the desired outcome yielding, for example, a very high accuracy confirmation. In this cases, it would be more correct to use, if possible, values of such “imprinted” parameters {I} which have been obtained independently of the effect itself whose existence we are just testing in the present data analysis, even if the accuracy of such different values of the “suspect” parameters {I} was worse. Alternatively, if such “unbiased” values are not available for some reasons, {I} should be included, if possible, in the list of the solved-for parameters along with the one(s) {P } accounting for the effect to be tested, and the resulting covariance matrix should be checked to inspect the correlations among them. The price to be paid may be an overall accuracy of the test not so high as that previously obtained^2, but we would have more epistemologically consistent, reliable and trustable tests.

2In principle, certain confirmations may have their status changed.

– 5 –

3. Application to some concrete cases

3.1. The Cassini radio-science test and other proposed high-accuracy space-based measurements of γ

To be more definite, let us look at the Cassini radio science test. In that case, the radiotechnical data of the spacecraft traveling to Saturn were contrasted with a set of dynamical models by JPL of its motion and electromagnetic waves propagation in such a way that a correction Δγ to the GTR-predicted value of the PPN parameter γ was solved for, among other parameters, obtaining (Bertotti et al. 2003)

Δγ ≡ |γ − 1| = (2.1 ± 2.3) × 10^{−5}; (1)

other authors got (Anderson et al. 2004)

Δγ ≡ |γ − 1| = (−1.3 ± 5.2) × 10^{−5}. (2)

Now, a physical parameter which is, of course, crucial in such a test is the gravitational constant GM_⊙ of the Sun, which is the source of the relativistic time delay put on the test. It was not estimated (Bertotti et al. 2003; Anderson et al. 2004), so that its numerical value was kept fixed to the standard reference figure of the JPL DE ephemerides used. It does, in principle, contain an a-priori “imprinting” by GTR itself through the same effect itself that was just tested with Cassini, in particular by γ itself. Indeed, the numerical value of GM_⊙ comes from the fixed value of the defining Gaussian constant^3

k = 0.01720209895 au^{3/2} d^{−1}, (3)

and from the value of the Astronomical Unit^4, not estimated in the Cassini tests,

AU = 1.49597870691 × 10^{11} (±3) m (4)

through GM_⊙ = k^2 AU^3 d^{−2} = 1.32712440018 × 10^{20} (±8 × 10^9) m^3 s^{−2}. (5)

AU was, in fact, obtained just through a combination of radar ranging of Mercury, Venus, and Mars, laser ranging of the Moon (making use of light reflectors left on the lunar surface by Apollo astronauts), and timing of signals returned from spacecraft as they orbit or make close passes of objects in the solar system (Standish 2004); thus, it is affected in a non negligible way, given the level of accuracy of the techniques adopted, by GTR itself and,

3See on the WEB http://ssd.jpl.nasa.gov/?constants.

4Here we will use au for the symbol of the Astronomical Unit, like m for the meter, while AU will denote its numerical value in m.

– 6 –

in particular, by γ which enters the PPN expressions for the time delay and bending of traveling electromagnetic waves. Thus, there exists, in principle, the possibility that the high-accuracy results of the Cassini radio science tests may retain an a-priori “imprint” of GTR itself through GM_⊙ (and the Astronomical Unit as well).

Let us put our hypothesis on the test by making some concrete calculations; for the sake of clarity, we will refer to the Cassini radio science tests, but the conclusions may be considered valid also for any of the many proposed γ−dedicated missions.

The GTR time delay experienced by electromagnetic waves propagating from point 1 to point 2 is

Δt = 2R_g c ln ( r_1 + r_2 + r_{12} + R_g r_1 + r_2 − r_{12} + R_g ) , (6)

where R_g = 2GM_⊙/c^2 is the Sun’s Schwarzschild radius in which G is the Newtonian gravitational constant, M_⊙ is the solar mass, c is the speed of light in vacuum; r_1 is the heliocentric coordinate distance to point 1, r_2 is the heliocentric coordinate distance to point 2, and r_{12} is the distance between the points 1 and 2. Eq. (6) is the expression actually used in the JPL’S Orbit Determination Program (ODP) used to analyze interplanetary ranging with planets and probes. In order to quantitatively evaluate the level of “imprinting” by GTR itself in the used value of the Astronomical Unit, let us assume r_1 equal to the Earth-Sun distance and let us vary r_2 within 0.38 au and 1.5 au to account for the ranging to inner planets; the maximum effect occurs at the superior conjunction, i.e. when^5 n_1 ≈ −n_2, and r_{12} ≈ r_1 + r_2. It turns out that Δt_{ranging} ≈ 4 × 10^{−4} s, which is certainly not negligible with respect to the accuracy of the order of 10^{−8} s with which the light-time for^6 1 au τ_A is actually measured (http://ssd.jpl.nasa.gov/?constants). As a consequence, the quantitative impact of the interplanetary ranging in the inner solar system to the determination of the Astronomical Unit is of the order

dAU = cΔt_{ranging} = 1.14291 × 10^5 m, (7)

not negligible with respect to the meter-level accuracy in measuring the Astronomical Unit; thus, dAU/AU= 8 × 10^{−7}. Differentiating eq. (5) with respect to au and eq. (7) yield dGM_⊙ GM_⊙ = 2 × 10^{−6}. (8)

5Here n ≡ r/r. 6The value in km of the Astronomical Unit is obtained by measuring at a given epoch the distance between the Earth and a target body (a planet or a probe orbiting it) by multiplying c times the round trip travel time τ of electromagnetic waves sent from the Earth and reflected back by the target body, and confronting it with the distance, expressed in AU, between the Earth and the target body at the same epoch as predicted by some accurate dynamical ephemeris (Standish 2004).

– 7 –

Thus, we conclude that the technique adopted to determine the numerical values of the Astronomical Unit and of the Sun’s GM induced an a-priori “imprint” of GTR on them of 8 × 10^{−7} and 2 × 10^{−6}, respectively.

Let us apply this result to a typical radio science experiment in the solar system with r_1 fixed to the Earth-Sun distance. By writing r_{1/2} = x_{1/2} au, with x_{1/2} expressing distances in Astronomical Units, differentiation of eq. (6) with respect to au and GM_⊙, and eq. (7)-eq. (8) yield an “imprinting” effect of the order of δ(Δt) Δt | | |_{GTR} = 2 × 10^{−6} (9)

for r_2 up to tens^7 AU; it turns out that the largest contribution comes from dGM_⊙. It is too small by one order of magnitude with respect to the performed Cassini radio science tests, but it should be taken into account in the future, more accurate experiments whose expected accuracy is of the order of 10^{−7} − 10^{−9}, in the sense that the a-priori bias of GTR in the future determinations of deviations of γ from unity will be as large as, or even larger than the effects one will to test, unless either GM_⊙ will be estimated as well along with γ itself or a value obtained independently of it will be adopted.

About the first point, we mention that Fienga et al. (2009) used a modified version of their latest planetary ephemerides, named INPOP08b, in which they kept fixed AU and estimated GM_⊙, but it is unclear if they simultaneously estimated the PPN parameters as well.

Concerning the last point, a possible choice may consist, in principle, of using a figure for GM_⊙ obtained from measurements of the solar gravitational redshift Z ≡ ν_{rec} − ν_{em} ν_{rec} ≈ GM_⊙ R_⊙c^2

(10)

which, at first order, is independent of GTR^8 itself. Latest measurements of the IR oxygen triplet 7772-7775, extrapolated to the Sun’s limb (Lopresto et al. 1991), yield an accuracy of the order of a few percent level. Projects to improve it with future missions have been proposed (Cacciani et al. 2006; Berrilli et al. 2009); for example, the use of the Magneto-Optical Filter technique, developed by Cacciani et al. (2006), would allow to reach a relative accuracy of 10^{−6}. Anyway, it must be noted that extracting GM_⊙ from the measured gravitational red-shift also requires the knowledge of the Sun’s radius R_⊙, which is uncertain at a 10^{−4} level. Indeed, the commonly accepted value for the solar radius was

7The Cassini test was performed with r_2 = 7.43 au (Bertotti et al. 2003).

8Indeed, it depends on the coefficient g_{00} of the spacetime metric tensor; only the PPN parameter β enters g_{00} with the term of order O(c^{−4}), at present undetectable.

– 8 –

for a long time (Allen 1973) R_⊙ = 695.99 Mm (11)

(1 Mm = 10^6 m), although it was not clear how such a figure was obtained. Subsequent observations of solar f−mode frequencies induced Schou et al. (1997) and Antia (1998), who used data from the Michelson Doppler Imager (MDI) mounted on the Solar and Heliospheric Observatory (SOHO) satellite and from the Global Oscillation Network Group (GONG) network, to conclude that the actual solar radius was 0.3 − 0.2 Mm smaller: indeed, the estimate by Schou et al. (1997) is

R_⊙ = 695.68 ± 0.02 Mm. (12)

In Brown and Christensen-Dalsgaard (1998) the value

R_⊙ = 695.509 ± 0.026 Mm (13)

is reported from the Earth-based High Altitude Observatory’s Solar Diameter Monitor campaign; it differs by about 0.5 Mm from the standard value by Allen (1973), being inconsistent with it at much more than 3 − σ level. In Takata and Gough (2001) we find, from SOHO/MDI frequency data for p−mode frequencies,

R_⊙ = 695.69 ± 0.14 Mm. (14)

Note that the values by Brown and Christensen-Dalsgaard (1998) and Takata and Gough (2001) are mutually inconsistent, although at a 1−σ level only: the estimates by Schou et al. (1997) and Brown and Christensen-Dalsgaard (1998) are not consistent at 3 − σ level. The f− mode and p− mode measurements (Schou et al. 1997; Takata and Gough 2001) are, instead, consistent each other. By the way, it can be noted that the discrepancies among the different best estimates are larger than the associated errors; thus, as a conservative evaluation of the accuracy in knowing the solar radius we will assume such differences.

3.2. The LAGEOS tests of the Lense-Thirring effect

The Lense-Thirring effect consists of small secular precessions of the longitude of the ascending node Ω and the argument of pericenter ω of the orbit of a test particle in geodesic motion around a slowly rotating body with angular momentum S; they are

Ω̇_{LT} = 2GS c^2a^3(1 − e^2)^{3/2}

, ω̇_{LT} = − 6GS cos I c^2a^3(1 − e^2)^{3/2}

, (15)

where a is the semimajor axis of the satellite’s orbit, e is its eccentricity and I is the inclination of the orbital plane to the equatorial plane of the central body.

In recent years, efforts to detect the Lense-Thirring effect in the gravitational field of the Earth have been undertaken by analyzing data from the artificial satellites LAGEOS

– 9 –

and LAGEOS II tracked with the Satellite Laser Ranging (SLR) technique (Degnan 1985); Cugusi and Proverbio (1978) for the first time proposed to use LAGEOS and the other SLR satellites to measure, among other things, the Lense-Thirring precessions. A major source of systematic errors is represented by the fact that the even (ℓ = 2, 4, 6, ...) zonal (m = 0) harmonic coefficients J_ℓ, ℓ = 2, 4, 6 of the multipolar expansion of the classical part of the terrestrial gravitational potential accounting for its departures from spherical symmetry due to the Earth’s diurnal rotation yield competing secular precessions of the node and the perigee of satellites (Kaula 1966) whose nominal sizes are several orders of magnitude larger than the Lense-Thirring ones. In the case of the node, the largest precession is due to the first even zonal harmonic J_2

Ω̇_{J2} = −3 2 n ( R_⊕ a )_2 cos IJ_2 (1 − e^2)^2

, (16)

where R_⊕ is the Earth’s mean equatorial radius and n = √ GM_⊕/a^3 is the satellite’s Keplerian mean motion. For analytical expressions of the node and perigee geopotential precessions up to ℓ = 20, see, e.g., Iorio (2003). To reduce their impact, a suitable linear combination^9 of the nodes of LAGEOS and LAGEOS II (Iorio and Morea 2004)

Ω̇^{LAGEOS} + c_1Ω̇^{LAGEOS II}, c_1 = 0.544, (17)

designed to remove the effects of the static and time-varying components of J_2, was used, so that eq. (17) is affected by the remaining even zonals of higher degree J_4, J_6, .... The gravitomagnetic trend given by eq. (17) amounts to 47.8 milliarcseconds year^{−1} (mas yr^{−1} in the following) since the Lense-Thirring node precessions for the LAGEOS satellites are 30.7 mas yr^{−1} (LAGEOS) and 31.5 mas yr^{−1} (LAGEOS II). The Lense-Thirring signal is usually extracted from long time series of computed^{10} “residuals” of the nodes of LAGEOS and LAGEOS II obtained by processing their data with a suite of dynamical force models which purposely do not encompass the gravitomagnetic force itself (Lucchesi and Balmino 2006; Lucchesi 2007). The action of the even zonals is accounted for by using global solutions for the Earth’s gravity field, in which general relativity has never been either modeled or solved for^{11}, produced by several institutions around the world from data of dedicated satellite-based missions like GRACE^{12} (Tapley and Reigber 2001). The evaluation of the systematic bias induced by the even zonals on the Lense-Thirring effect has been the subject of several studies; for a general review, see Iorio (2009).

9See also (Pavlis 2002; Ries et al. 2003a,b).

10Actually, the nodes are not directly measurable quantities, so that speaking of “residuals” is somewhat improper.

11For a critical discussion of such an issue, see Nordtvedt (2001).

12See on the WEB http://icgem.gfz-potsdam.de/ICGEM/ICGEM.html.

– 10 –

GRACE recovers the spherical harmonic coefficients of the geopotential from the tracking of both satellites by GPS and from the observed intersatellite distance variations (Reigber et al. 2005). The possible “memory” effect of the gravitomagnetic force in the satellite-to-satellite tracking was preliminarily addressed in Iorio (2005). Here we will focus on the “imprint” coming from the GRACE orbits which is more important for us because it mainly resides in the low degree even zonals.

Concerning such an issue, Ciufolini and Pavlis (2005) write that such a kind of leakage of the Lense-Thirring signal itself into the even zonals retrieved by GRACE is completely negligible because the GRACE satellites move along (almost) polar orbits. Indeed, for perfectly polar (I = 90 deg) trajectories, the gravitomagnetic force is entirely out-of-plane, while the perturbing action of the even zonals is confined to the orbital plane itself. According to Ciufolini and Pavlis (2005), the deviations of the orbit of GRACE from the ideal polar orbital configuration would have negligible consequences on the “imprint” issue. In particular, they write: “the values of the even zonal harmonics determined by the GRACE orbital perturbations are substantially independent on the a priori value of the LenseThirring effect. [...] The small deviation from a polar orbit of the GRACE satellite, that is 1.7 × 10^{−2} rad, gives only rise, at most, to a very small correlation with a factor 1.7 × 10^{−2}”. The meaning of such a statement is unclear; anyway, we will show below that such a conclusion is incorrect.

The relevant orbital parameters of GRACE are quoted in Table 1; the orbital plane of GRACE is, in fact, shifted by 0.98 deg from the ideal polar configuration, and, contrary to what claimed by Ciufolini and Pavlis (2005), this does matter because its classical secular node precessions are far from being negligible. In analogy with Section 3.1, the impact of the Earth’s gravitomagnetic force on the even zonals retrieved by GRACE can be quantitatively evaluated by computing the “effective” value^{13} C^{LT}_{ℓ0} of the normalized even zonal gravity coefficients which would yield classical secular node precessions for GRACE as large as those due to its Lense-Thirring effect, which is independent of the inclination. To be more precise, C^{LT}_{ℓ0} come from solving the following equation which connects the classical even zonal precession of degree ℓ Ω̇_{Jℓ} ≡ Ω̇_{.ℓ}J_ℓ to the Lense-Thirring node precession Ω̇_{LT}

Ω̇_{.ℓ}J_ℓ = Ω̇_{LT}. (18)

In it Ω̇_{.ℓ} = f(a, e, I; R_⊕, GM_⊕) (19)

are the coefficients of the classical node precessions depending on the satellite’s orbital parameters and on the Earth’s radius and mass; they have been explicitly computed up to

13It must be recalled that J_ℓ = − √ 2ℓ + 1 C_{ℓ0}, where C_{ℓ0} are the normalized gravity coefficients.

– 11 –

ℓ = 20 by Iorio (2003). For the sake of definiteness, for, e.g., ℓ = 2 we have

Ω̇_{.2} = −3 2 n ( R_⊕ a )_2 cos I (1 − e^2)^2

. (20)

For the other higher degrees the analytical expressions are more involved; since they have already been published (Iorio 2003), we will not show them here. Table 2 lists C^{LT}_{ℓ0} for the degrees ℓ = 4, 6, which are the most effective in affecting the combination of eq. (17). Thus, the gravitomagnetic field of the Earth contributes to the value of the second even zonal of the geopotential retrieved from the orbital motions of GRACE by an amount of the order of 2 × 10^{−10}, while for ℓ = 6 the imprint is one order of magnitude smaller. Given the present-day level of accuracy of the latest GRACE-based solutions, which is of the order of 10^{−12} (Table 3), effects as large as those of Table 2 cannot be neglected. Thus, we conclude that the influence of the Earth’s gravitomagnetic field on the low-degree even zonal harmonics of the global gravity solutions from GRACE does exist, and falls well within the present-day level of measurability.

A further, crucial step consists of evaluating the impact of such an a-priori “imprint” on the test conducted with the LAGEOS satellites and the combination of eq. (17): if the LAGEOS-LAGEOS II uncancelled combined classical geopotential precession computed with the GRACE-based a-priori “imprinted” even zonals of Table 2 is a relevant part of, or it is even larger than the combined Lense-Thirring precession, it will be demonstrated that the doubts concerning the a-priori gravitomagnetic “memory” effect are founded. It turns out that this is just the case because eq. (17) and Table 2 yield a combined geopotential precession whose magnitude is 77.8 mas yr^{−1} (−82.9 mas yr^{−1} for ℓ = 4 and 5.1 mas yr^{−1} for ℓ = 6), i.e. just 1.6 times the Lense-Thirring signal itself. This means that the part of the LAGEOS-LAGEOS II uncancelled classical combined node precessions which is affected by the “imprinting” by the Lense-Thirring force through the GRACE-based geopotential’s spherical harmonics is as large as the LAGEOS-LAGEOS II combined gravitomagnetic signal itself.

We, now, comment on how Ciufolini and Pavlis (2005) reach a different conclusion. They write: “However, the Lense-Thirring effect depends on the third power of the inverse of the distance from the central body, i.e., (1/r)^3, and the J_2, J_4, J_6... effects depend on the powers (1/r)^{3.5}, (1/r)^{5.5}, (1/r)^{7.5} ... of the distance; then, since the ratio of the semimajor axes of the GRACE satellites to the LAGEOS’ satellites is ∼^{6780}_{12270} ∼= 1.8, any conceivable “Lense-Thirring imprint” on the spherical harmonics at the GRACE altitude becomes quickly, with increasing distance, a negligible effect, especially for higher harmonics of degree l > 4. Therefore, any conceivable “Lense-Thirring imprint” is negligible at the LAGEOS’ satellites altitude.” From such statements it seems that they compare the classical GRACE precessions to the gravitomagnetic LAGEOS’ ones. This is meaningless since, as we have shown, one has, first, to compare the classical and relativistic precessions of GRACE itself, with which the Earth’s gravity field is solved for, and, then, compute the impact of

– 12 –

the relativistically “imprinted” part of the GRACE-based even zonals on the combined LAGEOS nodes. These two stages have to be kept separate, with the first one which is fundamental; if different satellite(s) Y were to be used to measure the gravitomagnetic field of the Earth, the impact of the Lense-Thirring effect itself on them should be evaluated by using the “imprinted” even zonals evaluated in the first stage. Finally, in their latest statement Ciufolini and Pavlis (2005) write: “In addition, in (Ciufolini et al. 1997), it was proved with several simulations that by far the largest part of this “imprint” effect is absorbed in the by far largest coefficient J_2.” Also such a statement, in the present context, has no validity since the cited work refers to a pre-GRACE era; moreover, no quantitative details at all were released concerning the quoted simulations.

4. Conclusions

We have investigated the impact of possible a-priori “imprinting” effects of GTR itself on satellite/spacecraft data analyses specifically designed to test some general relativistic predictions. In particular, we considered the time-delay experiments conducted or proposed in the Sun’s field with ranging to interplanetary spacecraft and the Lense-Thirring tests with the LAGEOS satellites in the gravitational field of the Earth.

Concerning the time-delay tests, the numerical values for the Astronomical Unit and the solar gravitational constant currently adopted in the ephemerides used so far to analyze spacecrafts’ data retain an a-priori “imprint” of GTR itself of the order of 8 × 10^{−7} and 2 × 10^{−6}, respectively. As a consequence, the bias in typical solar system radio-science experiments is of the order of 10^{−6}, which is one order of magnitude smaller than the accuracy level reached in the performed Cassini experiment, but it would be of concern for future planned tests aiming to measure deviations of the PPN parameter γ from its general relativistic value at 10^{−7} − 10^{−9} level.

In regard to the tests of the Lense-Thirring effect conducted so far with the LAGEOS satellites, the classical part of the terrestrial gravitational potential acting as a source of major systematic error is modelled from the data of the dedicated satellite-based GRACE mission. GTR, neither modelled nor solved for so far in GRACE data analyses, does impact the retrieved even zonal harmonic coefficients C_{ℓ0} of the GRACE models at a non-negligible level (≈ 10^{−10} − 10^{−11} for ℓ = 4, 6), given the present-day level of accuracy (≈ 10^{−12} for ℓ = 4, 6). It turns out that the resulting a-priori “imprint” of the Lense-Thirring effect itself on the LAGEOS-LAGEOS II data analysis performed to test it is of the same order of magnitude of the general relativistic signal itself.

In order to have genuine, unambiguous and unbiased tests of GTR which are not “tautologic”, it would be necessary to either estimate the suspect parameters as well along with those accounting for the relativistic effect of interest or use values for them obtained independently from GTR itself.

– 13 –

REFERENCES

C.W. Allen, 1973, Astrophysical Quantities, Athlone Press

J.D. Anderson, E.L. Lau, G. Giampieri, 2004, Measurement of the PPN Parameter γ with Radio Signals from thr Cassini Spacecraft at X- and Ka-Bands, in Proc. of the 22nd Texas Symp. on Rel. Astrophys., Stanford, eConf C041213, 0305 (available on http://www.slac.stanford.edu/econf/C041213/papers/0305.PDF)

H..M. Antia, 1998, Astron. Astrophys., Estimate of solar radius from f-mode frequencies, 330, 336-340

N. Ashby, et al., 2009, Measurement of the Gravitational Time Delay Using Drag-Free Spacecraft and an Optical Clock, Bull. Am. Astron. Soc., 41, 893

F. Berrilli et al., 2008, The ADAHELI Solar Mission, in Proc. of the 12th European Solar Physics Meeting, Freiburg, Germany, held September, 8-12, 2008 (available online at http://espm.kis.uni-freiburg.de)

B. Bertotti, L. Iess, P. Tortora, 2003, A Test of General Relativity Using Radio Links with the Cassini Spacecraft, Nature, 425, 374-376.

T.M. Brown, J. Christensen-Dalsgaard, 1998, Accurate Determination of the Solar Photospheric Radius, Astrophys. J., 500, L195

A. Cacciani, R. Briguglio, F. Massa, P. Rapex, 2006, Celest. Mech. Dyn. Astron., 95, 425-437

I. Ciufolini, E.C. Pavlis, A confirmation of the general relativistic prediction of the Lense-Thirring effect. Nature 431, 958-960 (2004)

I. Ciufolini, E.C. Pavlis, On the measurement of the LenseThirring effect using the nodes of the LAGEOS satellites, in reply to On the reliability of the so-far performed tests for measuring the LenseThirring effect with the LAGEOS satellites by L. Iorio, New Astron. 10(8), 636-651 (2005)

L. Cugusi, E. Proverbio, Relativistic Effects on the Motion of Earth’s Artificial Satellites.

Astron. Astrophys. 69, 321-325 (1978)

T. Damour, A.M. Polyakov, 1994, The string dilation and a least coupling principle, Nucl.

Phys. B, 423, 532-558

T. Damour, F. Piazza, G. Veneziano, 2002, Runaway Dilaton and Equivalence Principle Violations, Phys. Rev. D, 89, 081601

J.J. Degnan, Satellite laser ranging: current status and future prospects. IEEE Trans.

Geosci. Remote Sensing. GE-23(4), 398-413 (1985)

– 14 –

A. Fienga, J. Laskar, T. Morley, H. Manche, P. Kuchynka, C. Le Poncin-Lafitte, F. Budnik, M.Gastineau, 2009, L. Somenzi, INPOP08, a 4-D planetary ephemeris: From asteroid and time-scale computations to ESA Mars Express and Venus Express contributions, http://arxiv.org/abs/0906.2860

D. Hobbs et al., 2009, Bull. Am. Astron. Soc., 41, 891

L. Iess, G. Giampieri, J.D. Anderson, B. Bertotti, 1999, Doppler measurement of the solar gravitational deflection, Class. Quantum Gravit., 16, 1487-1502

L. Iorio, The impact of the static part of the Earth’s gravity field on some tests of General Relativity with Satellite Laser Ranging. Celest. Mech. Dyn. Astron. 86(3), 277-294 (2003)

L. Iorio, On the reliability of the so-far performed tests for measuring the LenseThirring effect with the LAGEOS satellites. New Astron. 10(8), 603-615 (2005)

L. Iorio, Recent Attempts to Measure the General Relativistic Lense-Thirring Effect with Natural and Artificial Bodies in the Solar System. Proceedings of Science ISFTG, 017, (2009)

L. Iorio, A. Morea, The impact of the new Earth gravity models on the measurement of the Lense-Thirring effect. Gen. Relativ. Gravit. 36(6), 1321-1333 (2004)

W.M. Kaula, Theory of Satellite Geodesy (Blaisdell, Waltham, 1966)

J. Lense, 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)

J.C. Lopresto, C. Schrader, A.K. Pierce, 1991, Astrophys. J., 376, 757-760

D.M. Lucchesi, G. Balmino, The LAGEOS satellites orbital residuals determination and the Lense Thirring effect measurement. Planet. Space Sci. 54(6), 581-593 (2006)

D.M. Lucchesi, The LAGEOS satellites orbital residuals determination and the way to extract gravitational and non-gravitational unmodeled perturbing effects. Adv. Sp. Res. 39(10), 1559-1575 (2007)

A. Milani, 2009, Relativistic Models for the BepiColombo Radioscience Experiment, Bull.

Am. Astron. Soc., 41, 892

W.-T. Ni, 2008, ASTROD, ASTROD I, test of relativistic gravity, fundamental physics mission, gravitational wave detection, solar astrodynamics, Int. J. Mod. Phys. D, 17, 921-940, 2008

– 15 –

K. Nordtvedt jr., 2001, Slr Contributions To Fundamental Physics, Surv. Geophys., 22, 597-602

E.C. Pavlis, Geodetic contributions to gravitational experiments in space, in Recent Developments in General Relativity: Proc. 14th SIGRAV Conf. on General Relativity and Gravitational Physics (Genova, IT, 18–22 September 2000), ed. by R. Cianci, R. Collina, M. Francaviglia, P. Fré (Springer, Milan, 2002), pp. 217-233

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

J.C. Ries, , R.J. Eanes, B.D. Tapley, Lense-Thirring Precession Determination from Laser Ranging to Artificial Satellites, in Nonlinear Gravitodynamics. The Lense–Thirring Effect, ed by R.J. Ruffini, C. Sigismondi (World Scientific, Singapore, 2003a), pp. 201-211

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

J.C. Ries, R.J. Eanes, M.M. Watkins, Confirming the Frame-Dragging Effect with Satellite Laser Ranging 16th Int. Laser Ranging Workshop, (Poznań (PL) 13-17 October 2008)

J. Schou, A.G. Kosovichev, P.R. Goode, W.A. Dziembowski, 1997, Determination of the Sun’s Seismic Radius from the SOHO Michelson Doppler Imager, Astrophys. J. Lett. 489, L197

E.M. Standish, 2004, The Astronomical Unit Now, in Transits of Venus: New Views of the Solar System and Galaxy Proceedings IAU Colloquium No. 196, 2004, D.W. Kurz (ed.), pp. 163-179

M. Takata, D.O. Gough, 2001, in Proc. of the SOHO 10/GONG 2000 Workshop: Helio-and asteroseismology at the dawn of the millennium (Santa Cruz de Tenerife, October 2000) ESA SP-464, 543-546, ESA Publications Division

B.D. Tapley, Ch. Reigber, The GRACE mission: status and future plans, EOS Trans. AGU 82(47), Fall Meet. Suppl. G41, C-02, 2001

B.D. Tapley, J.C. Ries, S. Bettadpur, D. Chambers, M. Cheng, F. Condi, S. Poole, 2007, The GGM03 Mean Earth Gravity Model from GRACE, American Geophysical Union, Fall Meeting 2007, abstract #G42A-03

– 16 –

S.G. Turyshev, 2009, Tests of Relativistic Gravity in Space: Recent Progress and Future Directions, Bull. Am. Astron. Soc., 41, 887

This manuscript was prepared with the AAS L^ATEX macros v5.2.

– 17 –

Table 1: Orbital parameters of GRACE and its Lense-Thirring node precession. Variations of the orders of about 10 km in the semimajor axis a and 0.001 deg in the inclination I may occur, but it turns out that they are irrelevant in our discussion. (http://www.csr.utexas.edu/grace/ground/globe.html).

a (km) e I deg Ω̇_{LT}

6835 0.001 89.02 (deg) 177.4 (mas yr^{−1})

Table 2: Effective “gravitomagnetic” normalized gravity coefficients for GRACE (ℓ = 4, 6; m = 0). They have been obtained by comparing the GRACE classical node precessions to the Lense-Thirring rate. Thus, they may be viewed as a quantitative measure of the leakage of the Lense-Thirring effect itself into the second and third even zonal harmonics of the global gravity solutions from GRACE. Compare them with the much smaller calibrated errors in C_{40} and C_{60} of the GGM03S model (Tapley et al. 2007) of Table 3.

C^{LT}_{40} C^{LT}_{60}

2.23 × 10^{−10} −2.3 × 10^{−11}

Table 3: Calibrated errors in the solved-for normalized gravity coefficients C_{40} and C_{60} according to the GGM03S global gravity solution by CSR (Tapley et al. 2007). They can be publicly retrieved at http://icgem.gfz-potsdam.de/ICGEM/ICGEM.html. Compare them with the much larger “gravitomagnetic” imprinted coefficients of Table 2.

σ_{C 40} σ_{C60}

4 × 10^{−12} 2 × 10^{−12}