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Quantum Vacuum and Solar System Ephemerides

Quantum vacuum might be a source of gravity, and if it is so, it would be a third revolution (Newton, Einstein, Quantum vacuum) in our understanding of gravitation. It was argued recently that, if quantum vacuum fluctuations are virtual gravitational dipoles, dark matter and dark energy can be considered as local and global effects of the gravitational polarization of the quantum vacuum by the immersed Standard Model matter. The major question is, if quantum vacuum, as an additional source of gravity, can be compatible with known orbits of planets in Solar System. In order to answer this question, it is necessary to create ephemerides including quantum vacuum in dynamical equations of motion which describe gravitational physics of Solar system. We suggest a simple way how to include quantum vacuum in the ephemerides creation process and suggest a careful revision of recent work done by different authors.

Quantum vacuum [1] is an essential part of the Standard Model of Particles and Fields. If you are not familiar with quantum vacuum, just consider it as a new state of matter-energy, radically different from more familiar states (solid, fluid, gas, plasma…) but as real as they are. You may imagine quantum vacuum as an omnipresent fluid (superfluid) composed of quantum vacuum fluctuations, or, in a more popular wording, composed of virtual particle-antiparticle pairs with an extremely short lifetime (for instance the lifetime of a virtual electron-positron pair is of the order of 21 10  seconds).

In principle quantum vacuum can be a source of gravity. In a recent series of papers [2][3][4][5][6][7] it was argued that phenomena , usually attributed to dark matter and dark energy, can be considered as local and global effects, of the gravitational polarization of the quantum vacuum by the immersed Standard Model matter (i.e. matter composed from quarks and leptons, interacting through exchange of gauge bosons). More precisely, what we call a halo of dark matter might be a halo of the gravitationally polarized quantum vacuum; all halos together may be considered as a cosmological fluid which, in certain epochs, can cause the accelerated expansion of the Universe. Within the Solar system, there is an excellent agreement between astronomical observations and predictions of the Newtonian theory of gravity, based on the existing quantity of the Standard Model matter. Hence, the eventual gravitational field caused by the quantum vacuum must be only a tiny fraction of the total gravitational field. In conclusion, if quantum vacuum is the true nature of what we call dark matter and dark energy it must be dominant source of gravity in larger systems as galaxies but negligible in small systems as Solar system. In a way it is close to our intuition; while the quantity of the Standard Model matter remains constant, the quantity of quantum vacuum increases with volume.

A major support to the emerging model of the gravitational properties of the quantum vacuum would be to show that including quantum vacuum as an additional source of gravity doesn't produce effects which are in conflict with the existing empirical evidence for Solar system. Consequently, we propose to create new ephemerides (with quantum vacuum included as a source of gravity) and to show that new ephemerides are not inferior to the old once.

Ephemerides are result of a numerical integration of the dynamical equations of motion which describe the gravitational physics of the Solar system. Historically, the first ephemerides were created using only Newtonian gravity with the basic result that the acceleration, caused by a pointlike body, of mass M at a distance r is equal to Within the emerging model [2][3][4][5][6][7] of the gravitational properties of the quantum vacuum, each point-like body is surrounded by a halo of the polarized quantum vacuum and, in addition to Newtonian or General relativistic effects, there is an additional acceleration   r g qv towards the body, which is caused by the quantum vacuum.

    r M f GP r g g gv , 4 max   (1)
Here, max g P denotes a universal constant related to quantum vacuum; in principle this constant must be measured but it shouldn't be too different from a rough theoretical estimate

2 max 06 . 0 m kg P g  which is used in this paper. Function   r M f
, is not known exactly but a reasonably good approximation is
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Within the Solar system, a significant simplification is that for Sun and planets r R sat  ; consequently, according to Eq. ( 2),  
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. An oversimplification is to neglect contribution of planets to the gravitational polarization of the quantum vacuum. If the Sun is considered as the only source of gravitational polarization, the unique effect is an additional constant acceleration towards the Sun ( This acceleration is about 20 times smaller than acceleration in the Pioneer anomaly.

Let us note that this acceleration causes a retrograde precession of planets, with the following precession per orbit
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where a and m denote respectively semi-major axes and mass of the planet. For instance, in the case of Mercury we have

century arc qv sec 68 . 0    .
The observed perihelion precession of Mercury is known with high accuracy; we quote the value from Ref. [8] which is   0015 . 0 31 . 575  arc-seconds per century. Note that uncertainty is a few milli-arc-seconds per century what is two orders of magnitude smaller than the presumed value qv   . However, observations tell us only the total precession rate but not separate contributions of different sources of precession. Sun, planets and smaller bodies in Solar system, are sources of Newtonian precession (estimated to be about 532"/century), while the Schwarzschild metric of the Sun which cannot be neglected at the distance of Mercury should be source of an additional precession of 43"/century. Apparently, it is possible that quantum vacuum as one more of many sources of precession is "hidden" between them and cannot be easily distinguished from other sources. Hence, it seems questionable if (as it was done in a series of papers [START_REF] Fienga | Proceedings IAU Symposium[END_REF][START_REF] Iorio | [END_REF][11]) a hypothetical source of precession can be disproved only because it causes precession which is bigger than the uncertainty of the measurement of the total precession rate.

In addition, let us underline that the value determined by Eq. ( 3) must be considered only as an upper bound. Namely, the halo of the Sun is just the biggest halo, perturbed by sub-halos, i.e. halos of planets and smaller bodies. An outer planet with the halo of the polarized quantum vacuum acts on Mercury as if it has a slightly bigger mass; result is a tiny perihelion precession. The key feature is that precession caused by halo of the Sun and halo of a planet have opposite sign. Namely, the acceleration of Mercury caused by an external planet is directed outward, opposite to the acceleration caused by the Sun. Approximately, the magnitude of acceleration caused by 7 outer planets [12] is

    8 2 2 2 2 i i i i p R a a R GM g (4)
Here, a denotes semi-major axis of Mercury, while i M and i R are mass of the i-th planet and the radius of its orbit (orbits are assumed to be circular). The corresponding perihelion precession per orbit is
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Consequently the total perihelion precession caused by quantum vacuum is a sum of precessions of the opposite sign determined by equations ( 3) and (5).

All this suggests that there is need for a careful revision of the previous work done by different authors [START_REF] Fienga | Proceedings IAU Symposium[END_REF][START_REF] Iorio | [END_REF]11]. Apparently an essential minimum is to include halos for Sun and eighth planets.

At galactic and larger scales, the emerging theory [2][3][4][5][6][7] of the gravitational properties of the quantum vacuum predicts the right size of the effects, showing potential to explain phenomena usually attributed to dark matter and dark energy. As a major task, it remains to check if the theory predicts the right size of effects at small scales as Solar system.

  ephemerides include General relativistic effects. What we propose now is to include quantum vacuum as well.