Cover: The solar system in many ways resembles a complex clockwork, in which subtle interactions produce unexpected results. The rational understanding and mathematical description of the physical processes involved is the gist of our book and is well illustrated in the cover. On March 5, 1979 the Voyager 1 space probe imaged volcanic plumes on Io, one of the four Galilean satellites of Jupiter (discovered by G. Galilei in 1611); the picture we show, with only one, but impressive plume, has been obtained by the Galileo spacecraft in 1995 (and is available at NASA’s node http://www.jpl.nasa.gov/galileo/images/io). Io’s volcanism provides direct evidence that the satellite interior is extremely hot, and raises the question of the energy source of this surprising activity. On January 26, 1979 S.J. Peale of the University of Santa Barbara (California), P. Cassen and R.T. Reynolds (both of the NASA Ames Research Center, California) submitted to Science a paper, “Melting of Io by Tidal Dissipation”, in which they specifically predicted this volcanic activity. A special refereeing process was requested, and obtained from the editor, so that the paper could appear before the Voyager encounter; the paper was in fact accepted, and published on March 2, just three days before. A sample of the preparatory notes was kindly provided by S.J. Peale and are shown in the cover. We thank him very much for his help.

Io is tidally deformed by Jupiter’s gravitational field into an oblate shape aligned with the direction of the planet; this deformation locks the satellite in a synchronous state, in which the rotation and the orbital periods are the same. But since the orbit is eccentric the tidal deformation changes periodically and the ensuing friction heats its interior. The striking prediction by Peale and his collaborators is based on three conditions: (i) the rate of tidal energy dissipation induced by the orbital eccentricity can be calculated, (ii) the orbital eccentricity is maintained in spite of the dissipation, and (iii) the tidally deposited heat could not escape fast enough to keep Io cool. The dissipated heat, proportional to the square of the eccentricity, can be established in order of magnitude, as discussed at the end of Sec. 15.3; in the bottom of the cover Peale gives a rigorous formula. The triplet of Jupiter’s satellites Io, Europa and Ganymede (in the cover indicated with the suffixes_1,_2 and_3) are locked in a peculiar three-body resonance first understood and studied by P.S. Laplace in 1805. The eccentricities of Io and Europa are maintained by the resonance at the particular values shown in the first two formulas below the plot. In our book this resonance is briefly described in Sec. 14.2, while the mechanism of resonant enhancement of eccentricity (and inclination in some cases) is introduced in Sec. 15.2. The rate of heat loss from a solid Io by solid state convection was shown to be less than the rate of deposition by tidal friction, so Io had to get hot and form a molten core. The formation of a fluid core increases the tidal dissipation in the remaining solid shell so the fluid core would grow in a runaway fashion. As shown in Peale’s plots on the cover, the fluid core becomes a substantial part of the body of the satellite in a time much shorter than the satellite lifetime.

Physics of the Solar System

PHYSICS OF THE SOLAR SYSTEM Dynamics and Evolution, Space Physics, and Spacetime Structure

BRUNO BERTOTTI

Department of Nuclear and Theoretical Physics, University of Pavia

PAOLO FARINELLA

Department of Astronomy, University of Trieste

DAVID VOKROUHLICKÝ

Institute of Astronomy, Charles University, Prague

Kluwer Academic Publishers Boston/Dordrecht/London

Contents

Introduction x Useful physical quantities xvii

1. DYNAMICAL PRINCIPLES 1 1.1 Gravitational equilibrium 1 1.2 The equation of state 6 1.3 Dynamics of fluids 9 1.4 Dynamics of solid bodies 12 1.5 Transport 16 1.6 Magnetohydrodynamics 21 1.7 Conservation of magnetism and vorticity 25 1.8 Kinetic theory 28 2. THE GRAVITATIONAL FIELD OF AN ISOLATED BODY 35 2.1 Spherical harmonics 35 2.2 Harmonic representation of the gravity field 42 2.3 The gravity field of the Earth 46 2.4 Gravity fields of planetary bodies 54 3. PLANETARY ROTATION 63 3.1 Measurements of time and distance 63 3.2 Frames of reference 67 3.3 Slowly rotating bodies 74 3.4^� Equilibrium shapes of bodies in fast rotation 78 3.5 Rigid-body dynamics: free precession 82 v

3.6^� The rotation of the Earth and its interior structure 87 4. GRAVITATIONAL TORQUES AND TIDES 95 4.1 Lunisolar precession 95 4.2 Tidal potential 99 4.3 Tides in a non-rigid Earth 102 4.4 Tidal harmonics 104 4.5^� Equilibrium shape of satellites 108 5. THE INTERIOR OF THE EARTH 115 5.1 Seismic propagation 115 5.2 Internal structure of the Earth 120 5.3 Heat generation and flow 127 5.4 Tectonic motions 135 6. PLANETARY MAGNETISM 145 6.1 The main dipole field 146 6.2 Magnetic harmonics and anomalies 147 6.3 Secular changes and reversals 152 6.4^� The generation of planetary magnetic fields 155 6.5 Planetary magnetic fields 161 7. ATMOSPHERES 169 7.1 Structure of the atmosphere and climate variations 169 7.2 Planetary atmospheres 182 7.3^� Radiative transfer 186 7.4 Dynamics of atmospheres 191 7.5 Turbulence 198 8. UPPER ATMOSPHERES 211 8.1 General properties 211 8.2 Ionosphere 216 8.3 Waves in an electron plasma 220 8.4 Atmospheric refraction 225 8.5 Evolution of atmospheres 229 9. THE SUN AND THE SOLAR WIND 239 9.1 The Sun 239 9.2 The solar wind 247

9.3 The heliosphere 252 10. MAGNETOSPHERES 261 10.1 The solar wind and the magnetosphere 261 10.2 Motion of charged particles in a strong magnetic field 268 10.3 Trapped particles 274 10.4 Magnetohydrodynamic waves 278 10.5 The bow shock 281 10.6^� Cosmic rays and the magnetosphere 284 10.7 Planetary magnetospheres 286 11. THE TWO-BODY PROBLEM 297 11.1 Reduction to a central force problem 297 11.2 Keplerian orbits 300 11.3 Bound orbits 302 11.4 Unbound orbits 307 12. PERTURBATION THEORY 313 12.1 Gauss perturbation equations 313 12.2 Lagrange perturbation equations 319 12.3 Atmospheric drag 325 12.4 Oblateness of the primary 331 12.5 Approximation methods 333 13. THE THREE-BODY PROBLEM 345 13.1 Equations of motion and the Jacobi constant 346 13.2 Lagrangian points and zero-velocity curves 349 13.3 Stability analysis and motion near the Lagrangian points 355 13.4 Hill’s problem 364 13.5^� Tisserand’s criterion 371 14. THE PLANETARY SYSTEM 377 14.1 Planets 377 14.2 Satellites 382 14.3 Asteroids 391 14.4 Transneptunian objects and Centaurs 405 14.5 Comets 412 14.6 Interplanetary material and meteorites 422

14.7 Planetary rings and circumplanetary dust 433 14.8^� From planets to boulders 449 15. DYNAMICAL EVOLUTION OF THE SOLAR SYSTEM 459 15.1 Secular perturbations and the stability of the solar system 459 15.2^� Resonances and chaotic behaviour 473 15.3 Tidal orbital evolution 487 15.4 Dynamics of small bodies 493 16. ORIGIN OF THE SOLAR SYSTEM 509 16.1 Mass and structure of the solar nebula 510 16.2 Growth of solid grains and formation of planetesimals 515 16.3 Formation of planetary embryos and accretion of terrestrial planets 521 16.4 Formation of giant planets and satellites 526 16.5 Extrasolar planetary systems 537 17. RELATIVISTIC EFFECTS IN THE SOLAR SYSTEM 557 17.1 The equivalence principle 558 17.2 Curvature of spacetime 563 17.3 The nature of gravitation 565 17.4 Weak fields and slow motion 569 17.5 Doppler effect 575 17.6 Relativistic dynamical effects 578 17.7^� Gravitomagnetism 581 18. ARTIFICIAL SATELLITES 587 18.1 Launch 587 18.2 Spacecraft and their environment 591 18.3 Forces acting upon an artificial satellite 603 18.4 Space navigation 613 19. TELECOMMUNICATIONS 621 19.1 The power budget 621 19.2 Spectra 625 19.3 Noise 631 19.4 Phase and frequency measurements 634 19.5 Propagation in a random medium 637

20. PRECISE MEASUREMENTS IN SPACE 641 20.1 Planetary imaging 641 20.2 Space astrometry 648 20.3 Laser tracking 657 20.4 Testing relativity in space 665 20.5 Signals and data analysis 674

Index 687