arXiv:1109.0266v5 [gr-qc] 23 Mar 2012

Mercury and frame-dragging in light of the MESSENGER flybys:

conflict with general relativity, poor knowledge of the physical properties of the Sun, data reduction artifact, or still insufficient observations?

Lorenzo Iorio^1 Ministero dell’Istruzione, dell’Università e della Ricerca (M.I.U.R.)-Istruzione Fellow of the Royal Astronomical Society (F.R.A.S.)

International Institute for Theoretical Physics and High Mathematics Einstein-Galilei Permanent address for correspondence: Viale Unità di Italia 68, 70125, Bari (BA), Italy

lorenzo.iorio@libero.it

Received ; accepted

– 2 –

ABSTRACT

The Lense-Thirring precession of the longitude of perihelion ϖ� of Mercury, as predicted by general relativity by using the value of the Sun’s angular momentum S_⊙ = 190 × 10^{39} kg m^2 s^{−1} from helioseismology, is ϖ̇^{LT}� = −2.0 milliarcseconds per century, computed in a celestial equatorial reference frame. It disagrees at 4 − σ level with the correction Δϖ̇� = 0.4 ± 0.6 milliarcseconds per century to the standard Newtonian/Einsteinian precession, provided that the latter is to be entirely attributed to frame-dragging. The supplementary precession Δϖ̇� was recently estimated in a global fit with the INPOP10a ephemerides to a long planetary data record (1914-2010) including also 3 normal points collected in 2008-2009 from the MESSENGER spacecraft. The INPOP10a models did not include the solar gravitomagnetic field at all, so that its signature might have partly been removed in the data reduction process. Moreover, the Lense-Thirring precession may have been canceled to a certain extent by the competing precessions caused by small mismodeling in the quadrupole mass moment J^⊙_2 of the Sun and in the PPN β parameter entering the Schwarzschild-like 1PN precession, both modeled in INPOP10a. The oblateness of Mercury itself has a negligible impact on its perihelion, as it happens for the mismodelled actions of both the largest individual asteroids and the ring of the minor asteroids as well. Future analysis of more observations from the currently ongoing MESSENGER mission will shed further light on such an issue which, if confirmed, might potentially challenge our present-day picture of the currently accepted laws of gravitation and/or of the physical properties of the Sun.

Subject headings: Experimental studies of gravity; Experimental tests of gravitational theories; Ephemerides, almanacs, and calendars

– 3 –

PACS: 04.80.-y; 04.80.Cc; 95.10.Km

1. Constraints on planetary precessions

Recently, Fienga et al. (2011) processed a huge amount of planetary observations of various kinds, covering almost one century (1914-2010), with the dynamical force models of the INPOP10a ephemerides. The data record included, among other things, also high-quality Doppler range-rate observations to the MESSENGER spacecraft collected^1 during its three flybys of Mercury in 2008-2009 (Smith et al. 2010). As a result, our knowledge of the orbit of the innermost planet of the solar system has been greatly improved.

Apart from usual Newtonian mechanics, including the Sun’s quadrupole mass moment as well, the mathematical models of INPOP10a for the solar system dynamics included also the first post-Newtonian (1PN) static, Schwarzschild-like component of the gravitational field of the Sun (McCarthy & Petit 2004) expressed in terms of the usual Parameterized-Post-Newtonian (PPN) parameters γ and β, which are equal to 1 in general relativity.

Fienga et al. (2011) estimated, among other things, the corrections ΔΩ̇ and Δϖ̇ to the standard Newtonian/Einsteinian secular precessions of the longitudes of the nodes Ω and of the perihelia^2 ϖ for the first six planets. In principle, such corrections account for any unmodeled/mismodeled dynamical features of motion, so that they pose constraints on the magnitudes of putative anomalous effects, if any, with respect to the modeled ones. Concerning Mercury, they are (Fienga et al. 2011)

ΔΩ̇� = 1.4 ± 1.8 mas cty^{−1},

Δϖ̇� = 0.4 ± 0.6 mas cty^{−1}, (1)

where mas cty^{−1} is a shorthand for milliarcseconds per century. The values of eq. (1) are statistically compatible with zero; thus, it seems that there is nothing anomalous in the orbital motion of Mercury.

1More precisely, Fienga et al. (2011) neither used direct observations to MESSEN- GER to fit the INPOP10a ephemerides nor estimated the spacraft’s orbit. Instead, they used normal points extracted from the SPICE/NAIF MESSENGER orbit (http://naif.jpl.nasa.gov/naif/). Fienga et al. (2011) plan to analyze themselves such data in the forthcoming months.

2The longitude of pericenter ϖ of a test particle is a “dogleg” angle since it is defined as ϖ .= ω + Ω, where ω is the argument of pericenter (Murray & Dermott 1999).

– 4 –

2. The solar Lense-Thirring effect for Mercury

Actually, eq. (1) might pose a challenge to our current views of the physical structure of the Sun and/or even of general relativity itself. As a consequence, eq. (1) should be viewed as a strong encouragement to further gathering and analyzing more data from MESSENGER itself, and from BepiColombo (Ashby 2007) in future.

Indeed, to 1PN level, the rotation of a body induces an additional, “magnetic”-like stationary component of its gravitational field proportional to 1 + γ (McCarthy & Petit 2004). It depends on the angular momentum S of the spinning object of mass M. In general relativity, it yields, among other things, the well-known Lense-Thirring effect (Lense & Thirring 1918) consisting of small secular precessions of the orbits of test particles moving around the rotating body. Such a 1PN component was not modeled for the Sun in INPOP10a, so that its effects represent “anomalies” with respect to those fully taken into account. Thus, the actual magnitudes of the solar Lense-Thirring precessions for Mercury are constrained by eq. (1) in the sense that they should necessarily fall within the ranges permitted by eq. (1).

The well-known expressions existing in literature for the Lense-Thirring effect (Lense & Thirring 1918) were traditionally obtained by orienting the reference z axis along the spin of the rotating body which acts as source of the gravitational field. In our case, they are unsuitable since the corrections of eq. (1) were estimated in a frame whose reference {x, y} plane was chosen to be coincident with the^3 Earth’s mean equator at the reference epoch J2000.0. It turns out that the components of the Sun’s spin axis k̂^⊙ in such a frame are k̂⊙_x = cos δ_⊙ cos α_⊙ = 0.122,

k̂⊙_y = cos δ_⊙ sin α_⊙ = −0.423,

k̂⊙_z = sin δ_⊙ = 0.897, (2)

where (Seidelmann et al. 2007)

δ_⊙ = 63.87 deg, α_⊙ = 286.13 deg, (3)

are the declination and the right ascension, respectively, of the Sun’s north pole of rotation with respect to the mean terrestrial equator at J2000.0. Analytic expressions for the Lense-Thirring orbital precessions valid for a generic orientation of k̂ were recently

3A. Fienga, personal communication to the author, 2011. The INPOP reference frame was described in Fienga et al. (2008).

– 5 –

obtained^4 (Iorio 2012a): they are^5

Ω̇ LT =^{2GS}

c^2a^3(1−e^2)^{3/2} [ k̂_z+

+ cot I ( k̂_y cos Ω − k̂_x sin Ω )] , ϖ̇^{LT} = −^{GS}_{c2a3(1−e2)3/2} { 4 [ k̂_z cos I+

+ sin I ( k̂_x sin Ω − k̂_y cos Ω )] − 2 [ k̂_z sin I+

+ cos I ( k̂_y cos Ω − k̂_x sin Ω )] tan (_I 2 )} ,

(4)

where G is the Newtonian constant of gravitation, c is the speed of light in vacuum, a is the semi-major axis of the orbit of the test particle, e is its eccentricity, and I is its inclination to the reference {x, y} plane. Eq. (4) yields for Mercury

Ω̇ LT � = −0.1 mas cty^{−1},

ϖ̇^{LT}� = −2.0 mas cty^{−1}; (5)

in deriving eq. (5) we used eq. (2) for k̂^⊙, the values of the inclination I and the node Ω of Mercury referred to the mean Earth’s equator at J2000.0

I^{(eq)}� = 28.55 deg, Ω^{(eq)}� = 10.98 deg, (6) and S_⊙ = (190.0 ± 1.5) × 10^{39} kg m^2 s^{−1}, (7)

obtained from helioseismology (Pijpers 1998, 2003).

If eq. (1) were to be entirely attributed to the Lense-Thirring effect, eq. (5) would exhibit a statistically significant discrepancy with respect to it, especially as far as the perihelion is concerned; | |ϖ̇_{LT} � − Δϖ̇� | | σ_{Δϖ̇} � = 4. (8)

4See also Will (2008).

5Actually, there is also a Lense-Thirring precession of I (Iorio 2012a) which vanishes for k̂_z = ±1, k̂_x = k̂_y = 0, but we will not deal with it here because no estimated corrections Δİ are available at this time (Fienga et al. 2011).

– 6 –

In Section 3 we discuss the consequences of such an assumption, and some conventional explanations as well.

3. Discussions and conclusions

By taking the figure of eq. (7) as valid, the prediction of general relativity for the Lense-Thirring effect is questioned by eq. (8), even if one takes into account a 19% uncertainty in it resulting from the recent outcome of the GP-B mission (Everitt et al. 2011). Indeed, by reducing the predicted Lense-Thirring perihelion precession of Mercury down to −1.6 mas cty^{−1}, a discrepancy of more than 3 − σ with respect to eq. (1) would still linger. On the other hand, if one assumes the validity of general relativity, it is the magnitude of the Sun’s angular momentum in eq. (7) to be challenged by eq. (8): S_⊙ should be much smaller than it was considered so far. It must be stressed again that such considerations would be valid if the supplementary advance of the perihelion of Mercury of eq. (1) were entirely explained in terms of frame-dragging.

Actually, in principle, there is the possibility that the unmodeled gravitomagnetic effect was partially or totally removed from the post-fit signature in the data reduction process, having been somewhat “absorbed” in the values of some of the standard parameters^6 estimated in the fits like, e.g., the planetary initial conditions. After all, the expected magnitude of the Lense-Thirring effect is about of the same order of magnitude of the present-day accuracy in determining the orbit of Mercury.

A possible conventional explanation in terms of orbital dynamics might be the following one. The corrections Δϖ̇ were estimated by Fienga et al. (2011) by modeling, among other things, the Newtonian action of the quadrupole mass moment J_2 of the Sun as well: more specifically, J^⊙_2 was kept fixed to a reference value, which seems to be (Fienga et al. 2010)

J^⊙_2 = 1.8 × 10^{−7}. (9)

Since such a physical quantity is known with a necessarily limited accuracy, of the order of (Fienga et al. 2010, 2011) 10%, the corrections Δϖ̇ account, in principle, not only for the completely unmodeled Lense-Thirring effect, but also for the mismodeled precessions Δϖ̇^{J ⊙2} due to the solar oblateness itself. Thus, a mutual cancelation might have occurred leaving just eq. (1). To check this possibility, one has to consider the sum of the precessions of the perihelion of Mercury caused by the Lense-Thirring effect and by a correction ΔJ^⊙_2 to the reference value used; analytical expressions for the long-term orbital precessions induced by

6The PPN parameters β and γ entering the modeled static 1PN solar field were kept fixed to their general relativistic values in the solutions yielding Δϖ̇ and ΔΩ̇ (Fienga et al. 2011).

– 7 –

the oblateness of the primary for an arbitrary direction of k̂ were recently obtained^7 (Iorio 2011). For the longitude of perihelion ϖ we have (Iorio 2011)

ϖ̇^{J2} =^3_{16} n (_R a )_{2 J2}

(1−e^2)^2 { 8 − 11k̂^2_x − 11k̂^2_y − 2k̂^2_z + + ( k̂2_x + k̂2_y − 2k̂2_z ) (4 cos I − 5 cos 2I) − − 4 ( k̂2_x − k̂2_y ) (3 + 5 cos I) sin^2 (_I 2 ) cos 2Ω−

− 2k̂_yk̂_z sec (_I 2 ) [ sin (_{3I} 2 ) + 5 sin (_{5I} 2 )] cos Ω+

+ 2k̂_xk̂_z sec (_I 2 ) [ sin (_{3I} 2 ) + 5 sin (_{5I} 2 )] sin Ω−

− 8k̂_xk̂_y sin^2 (_I 2 ) (3 + 5 cos I) sin 2Ω } ,

(10)

where n .= √ GM/a^3 is the Keplerian mean motion of the test particle, and R is the equatorial mean radius of the central body. Similar considerations hold also for the 1PN Schwarzschild-like component of the Sun’s gravitational field: in the PPN formalism, the resulting perihelion precession for Mercury consists of the familiar 43.98 arcsec cty^{−1} rescaled by the multiplicative coefficient (2 + 2γ − β)/3 written in terms of the usual PPN parameters β and γ. Actually, Fienga et al. (2011) modeled it in the solution yielding eq. (1) by keeping β and γ fixed to 1, but the current uncertainty in β, evaluated by Fienga et al. (2011) themselves as large as

β − 1 = (−0.41 ± 0.78) × 10^{−4} (11)

in a different solution by using the bounds on γ from Bertotti & Iess (2003), may translate into a further mismodeled competing perihelion precession Δϖ̇^β� which, added to Δϖ̇^{J ⊙2}�

and the expected ϖ̇^{LT}� , may yield just eq. (1) from a mutual cancelation. It turns out that

Δϖ̇^β� alone, computed with eq. (11) and added to ϖ̇^{LT}� , is not able to reproduce eq. (1).

Instead, by including also Δϖ̇^{J ⊙2}� , computed from eq. (10) with

0.1 × 10^{−7} ≲ ΔJ^⊙_2 ≲ 0.2 × 10^{−7}, (12)

a range compatible with eq. (1) is obtained.

7See also Will (2008).

– 8 –

In principle, also the impact of the oblateness^8 of Mercury itself on its orbital motion should be considered, since it was not modeled in INPOP10a. However, it turns out that it is insufficient to cancel the Lense-Thirring effect to the level of eq. (1). Indeed, by using eq. (10) with (Seidelmann et al. 2007) R� = 2.4397 × 10^6 m,

α� = 281.01 deg,

δ� = 61.45 deg,

(13)

and (Smith et al. 2010) J�_2 = (1.92 ± 0.67) × 10^{−5}, (14) the resulting perihelion precession is just ϖ̇^J �_2

= (0.03 ± 0.01) mas cty^{−1}. (15)

In principle, viable candidates are also the major asteroids and the ring of the minor asteroids, although their dynamical action was accurately modeled by Fienga et al. (2011). Indeed, both individual distant bodies and an external massive ring induce secular perihelion precessions. Let us, first, consider the impact of the uncertainty in the mass of some of the individual major asteroids like (1) Ceres, (2) Pallas and (4) Vesta. The secular perihelion precession of a planet with small orbital inclination due to a remote, pointlike object of mass m_X and distance d_X is proportional to (Iorio 2012b)

ϖ̇^X ∼

24Gm_X 128nd^3_X √ 1 − e^2

. (16)

For them we have d_X ∼ 2.4 − 2.8 au, X = (1) Ceres, (2) Pallas, (4) Vesta. (17) The present-day uncertainty in their masses is (Luzum et al. 2011) σ_{mX} = 3 × 10^{−12}M_⊙; (18) Fienga et al. (2011) report for them similar or smaller uncertainties. Thus, eq. (16) yields Δϖ̇^X� ∼ (1 − 0.8) × 10^{−3} mas cty^{−1}, X = (1) Ceres, (2) Pallas, (4) Vesta, (19)

8I thank D. Ragozzine for having pointed out it to me.

– 9 –

which is, actually, of no concern. As far as an external massive ring with mass m_r and radius R_r is concerned, the secular perihelion precession induced by it can be posed as (Fienga et al. 2008; Kuchynka et al. 2010)

ϖ̇^r ∼ 3Gm_r √ 1 − e^2 4nR^3_r

. (20)

For (Kuchynka et al. 2009)

R_r = 2.80 au, σ_{mr} = 2 × 10^{−11}M_⊙, (21)

eq. (20) yields Δϖ̇^r� ∼ 0.02 mas cty^{−1}, (22)

which is negligible as well since it is 30 times smaller that the accuracy in determining the supplementary perihelion advance of Mercury.

Finally, it is not unreasonable to argue that, ultimately, eq. (1) is based just on 3 normal points from Messenger, so that the entire matter should be left on hold until more data from the current Mercury orbiter will be gathered and analyzed.

In conclusion, although it is quite possible that a reciprocal cancelation among the mismodeled precessions due to β and J^⊙_2 and the unmodeled general relativistic Lense-Thirring rate may have conspired to yield just eq. (1), it would be desirable that some dedicated analyses by independent teams of astronomers about the actual measurability of the solar Lense-Thirring effect are performed in the near future by exploiting further data from MESSENGER. After all, the present-day accuracy in constraining Mercury’s perihelion precession (0.6 mas cty^{−1}) is about 30% of the expected gravitomagnetic effect (2.0 mas cty^{−1}) for it. They could be implemented by explicitly modeling the gravitomagnetic field of the Sun and repeating the entire data reduction process with such modified force models, One additional dedicated solve-for parameter, to be estimated along with the other usual ones, should be included, and the correlations among it and the other parameters of the fit should be inspected.

Acknowledgements

I thank A. Fienga and D. Ragozzine for useful correspondence.

– 10 –

REFERENCES Ashby N., Bender P.L., Wahr J.M., Phys. Rev. D, 75, 022001, 2007. Bertotti B., Iess L., Tortora P., Nature 425, 374, 2003.

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.G., Stahl K., Worden P.W., 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., Wang S., Phys. Rev. Lett., 106, 221101, 2011.

Fienga A., Laskar J., Kuchynka P., Leponcin-Lafitte C., Manche H., Gastineau M., In: Klioner S.A., Seidelmann P.K., Soffel M.H. (eds.) Relativity in Fundamental Astronomy Proceedings IAU Symposium No. 261, Cambridge University Press, Cambridge, p. 159, 2010.

Fienga A., Manche H., Laskar J., Gastineau M., A& A, 477, 315, 2008. Fienga A., Laskar J., Kuchynka P., Manche H., Desvignes G., Gastineau M., Cognard I., Theureau G., Celestial Mechanics and Dynamical Astronomy, 111, 363, 2011.

Iorio L., Physical Review D, 84, 124001, 2011.

Iorio L., General Relativity and Gravitation, doi: 10.1007/s10714-011-1302-7, 2012a. Iorio L., Celestial Mechanics and Dynamical Astronomy, 112, 117, 2012b. Kuchynka P., Laskar J., Fienga A., Manche H., Somenzi L. In: Soffel M. H., Capitaine N.

(eds.) Proceedings of the “Journées 2008 Systèmes de référence spatio-temporels”. Lohrmann-Observatorium and Observatoire de Paris, Dresden, p. 84, 2009.

Kuchynka P., Laskar J., Fienga A., Manche H., A&A, 514, A96, 2010. Lense J., Thirring H., Phys. Z., 19, 156, 1918.

Luzum B., Capitaine N., Fienga A., Folkner W., Fukushima T., Hilton J., Hohenkerk C., Krasinsky G., Petit G., Pitjeva E., Soffel M., Wallace P., Celestial Mechanics and Dynamical Astronomy, 110, 293, 2011.

McCarthy D.D., Petit G., IERS Technical Note No. 32, Verlag des Bundesamtes für Kartographie und Geodäsie, Frankfurt am Main, p. 106, 2004.

Murray C.D., Dermott S.F., Solar System Dynamics, Cambridge University Press, Cambridge, 1999.

Pijpers F.P., MNRAS, 297, L76, 1998.

– 11 –

Pijpers F.P., A&A, 402, 683, 2003.

Seidelmann P.K., Archinal B.A., A’Hearn M.F., Conrad A., Consolmagno G.J., Hestroffer D., Hilton J.L., Krasinsky G.A., Neumann G., Oberst J., Stooke P., Tedesco E.F., Tholen D.J., Thomas P.C., Williams I.P., Celestial Mechanics and Dynamical Astronomy, 98, 155, 2007.

Smith D.E., Zuber M.T., Phillips R.J., Solomon S.C., Neumann G.A., Lemoine F.G., Peale S.J., Margot J.-L., Torrence M.H., Talpe M.J., Head J.W., Hauck S.A., Johnson C.L., Perry M.E., Barnouin O.S., McNutt R.L., Oberst J., Icarus, 209, 88, 2010.

Will C.M., ApJ, 674, L25, 2008.

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