
   

Landolt-Börnstein / New Series 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



Landolt-Börnstein 
Numerical Data and Functional Relationships 
in Science and Technology 
 
 

New Series 
Editor in Chief: W. Martienssen 

Units and Fundamental Constants in Physics and Chemistry 

Elementary Particles, Nuclei and Atoms (Group I) 
(Formerly: Nuclear and Particle Physics) 

Molecules and Radicals (Group II) 
(Formerly: Atomic and Molecular Physics) 

Condensed Matter (Group III) 
(Formerly: Solid State Physics) 

Physical Chemistry (Group IV) 
(Formerly: Macroscopic Properties of Matter) 

Geophysics (Group V) 

Astronomy and Astrophysics (Group VI) 

Biophysics (Group VII) 

Advanced Materials and Technologies (Group VIII) 
 
 
Some of the group names have been changed to provide a better description of their contents. 



   

Landolt-Börnstein 
Numerical Data and Functional Relationships in Science and Technology 
New Series / Editor in Chief: W. Martienssen 
 
Group VI: Astronomy and Astrophysics 
Volume 4 
 
 
 

Astronomy, Astrophysics, 
and Cosmology 
 
 
Subvolume B 
Solar System 
 
 
Editor 
Joachim E. Trümper 
 
 
Authors 
Arnold O. Benz, Doris Breuer, Valeri Dikarev, Hans-Peter Gail, John Lee 
Grenfell, Matthias Grott, Eberhard Grün, Alan W. Harris, Ernst Hauber, 
Peter Hoppe, Hauke Hussmann, Judit Jänchen, Berndt Klecker, Martin 
Knapmeyer, Natalie Krivova, Katharina Lodders, Ingrid Mann, Jürgen 
Oberst, Herbert Palme, Rita Schulz, Frank Sohl, Sami Solanki, Tilman 
Spohn, Matthias Steffen, Katrin Stephan, Michael Stix, Gian-Paolo Tozzi, 
Mario Trieloff, Frank W. Wagner, Roland Wagner, Marita Wählisch, 
Klaus Wilhelm 
 
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISSN 0942-8011 (Astronomy and Astrophysics) 
 
ISBN  978-3-540-88054-7 Springer Berlin Heidelberg New York 
 
 
Library of Congress Cataloging in Publication Data: 
Landolt-Börnstein: Numerical Data and Functional Relationships in Science and Technology, New Series. 
Editor in Chief: W. Martienssen. 
Group VI, Volume 4: Astronomy, Astrophysics, and Cosmology. 
Subvolume B: Solar System. 
Edited by J. E. Trümper. 
Springer-Verlag, Berlin, Heidelberg, New York 2009. 
Includes bibliographies. 
1. Physics - Tables. 2. Chemistry - Tables. 3. Engineering - Tables. 
I. Börnstein, Richard (1852-1913). II. Landolt, Hans (1831-1910). 
QC 61.23  502'.12 62-53136 
 
This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned, specifically the rights of translation, 
reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilm or in other ways, and storage in data banks. Duplication of this 
publication or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, in its current version, and 
permission for use must always be obtained from Springer-Verlag. Violations are liable for prosecution act under German Copyright Law. 
 
Springer is a part of Springer Science+Business Media 
springeronline.com 
© Springer-Verlag Berlin Heidelberg 2009 
Printed in Germany 
 
The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply, even in the absence of a specific statement, 
that such names are exempt from the relevant protective laws and regulations and therefore free for general use. 
 
Product Liability: The data and other information in this handbook have been carefully extracted and evaluated by experts from the original literature. 
Furthermore, they have been checked for correctness by authors and the editorial staff before printing. Nevertheless, the publisher can give no guarantee 
for the correctness of the data and information provided. In any individual case of application, the respective user must check the correctness by 
consulting other relevant sources of information. 
 
 
Cover layout: Erich Kirchner, Heidelberg 
Typesetting: Authors and SciCaster (Dr. Christian Meier), Darmstadt 
Printing and Binding: AZ Druck, Kempten/Allgäu 
 
 
SPIN: 11339809                 63/3020 - 5  4  3  2  1  0 – Printed on acid-free paper 



   

Preface 
 
The last few decades have been called the “Golden Age of Astronomy”. The rapid increase of knowledge 
in the field necessitates publishing a new edition of the Astronomy and Astrophysics volumes of the 
Landolt-Boernstein. The title is now “Astronomy, Astrophysics, and Cosmology”. Cosmology has been 
added in order to make allowances for the increasing role of extragalactic astrophysics and cosmology. 

The present volume VI/4B on the “Solar System” is the first to be published of the new series. Volume 
VI/4A on “Instruments and Methods” will follow soon. Additional volumes on “Stars”, the “Galaxy”, 
“Galaxies, Large Scale Structure and Cosmology” are in the planning stage. 

The previous volumes covering the Solar System appeared in 1965, 1981 and 1993. In the meantime 
multi-wavelength observations of the sun – by ground based and space borne telescopes – have produced 
a wealth of new data. The same is true for telescopic and/or in situ investigations of the planets, moons, 
asteroids, meteors, meteorites, interplanetary dust, solar wind etc.  

The use of units for physical quantities in the present volume follows largely the rules given by the 
International Astronomical Union (IAU), c.f.  
http://www.iau.org/science/publications/proceedings/_rules/units/,  
which favour the international system (SI) of units. However, the centimetre-gram-second (CGS) system is 
used in some sections of the present volume, since it is still dominating in certain areas of astrophysics. A 
table with unit conversion of CGS to SI is given on the inside of the back cover of this book. 

A total number of 32 scientists actively working in their respective fields have contributed to the 
present volume. I thank all of them for their excellent work and the smooth collaboration. I am also 
grateful to the editorial staff of Landolt-Börnstein for their efficient support, in particular to Dr. Wolfgang 
Finger and his successor, Mrs. Dipl.-Phys. Antje Endemann, who are responsible for converting 
manuscripts into printed articles. 
 
Garching, Germany, April 2009  Joachim E. Trümper 
 Editor 
 
 



VI Contributors 

 

Editor: 
 

Trümper, Joachim E. 
Max Planck Institute for Extraterrestrial Physics, Garching, Germany 
 
 

Authors: 
 

Benz, Arnold O. 
Institute of Astronomy, ETH Zurich, Zurich, Switzerland 
 
Breuer, Doris 
DLR Institute of Planetary Research, Berlin, Germany 
 
Dikarev, Valeri 
Max Planck Institute for Solar System Research, Katlenburg-Lindau, Germany 
 
Gail, Hans-Peter 
Center for Astronomy, Institute of Theoretical Astrophysics, University of Heidelberg, 
Heidelberg, Germany 
 
Grenfell, John Lee 
Center of Astrophysics, Technical University Berlin, Berlin, Germany 
 
Grott, Matthias 
DLR Institute of Planetary Research, Berlin, Germany 
 
Grün, Eberhard 
Max Planck Institute for Nuclear Physics, Heidelberg, Germany 
 
Harris, Alan W. 
DLR Institute of Planetary Research, Berlin, Germany 
 
Hauber, Ernst 
DLR Institute of Planetary Research, Berlin, Germany 
 
Hoppe, Peter 
Max Planck Institute for Chemistry, Mainz, Germany 
 
Hussmann, Hauke 
DLR Institute of Planetary Research, Berlin, Germany 
 
Jänchen, Judit 
DLR Institute of Planetary Research, Berlin, Germany 
 
Klecker, Berndt 
Max Planck Institute for Extraterrestrial Physics, Garching, Germany 



 Contributors VII 

Knapmeyer, Martin 
DLR Institute of Planetary Research, Berlin, Germany 
 
Krivova, Natalie 
Max Planck Institute for Solar System Research, Katlenburg-Lindau, Germany 
 
Lodders, Katharina 
Department of Earth and Planetary Sciences, Washington University, St. Louis, Missouri, USA 
 
Mann, Ingrid 
School of Science and Engineering, Kindai University, Higashi-Osaka, Osaka, Japan 
 
Oberst, Jürgen 
DLR Institute of Planetary Research, Berlin, Germany 
 
Palme, Herbert 
Section Meteorite Research, Research Institute and Natural History Museum Senckenberg, 
Frankfurt am Main, Germany 
 
Schulz, Rita 
European Space Research Center, Nordwijk, Netherlands 
 
Sohl, Frank 
DLR Institute of Planetary Research, Berlin, Germany 
 
Solanki, Sami 
Max Planck Institute for Solar System Research, Katlenburg-Lindau, Germany 
 
Spohn, Tilman 
DLR Institute of Planetary Research, Berlin, Germany 
 
Steffen, Matthias 
Astrophysical Institute Potsdam, Potsdam, Germany 
 
Stephan, Katrin 
DLR Institute of Planetary Research, Berlin, Germany 
 
Stix, Michael 
Kiepenheuer Institute for Solar Physics, Freiburg i. Breisgau, Germany 
 
Tozzi, Gian-Paolo 
Arcetri Astrophysical Observatory, INAF, Florence, Italy 
 
Trieloff, Mario 
Mineralogical Institute, University of Heidelberg, Heidelberg, Germany 
 



VIII Contributors 

Wagner, Frank W. 
DLR Institute of Planetary Research, Berlin, Germany 
 
Wagner, Roland 
DLR Institute of Planetary Research, Berlin, Germany 
 
Wählisch, Marita 
DLR Institute of Planetary Research, Berlin, Germany 
 
Wilhelm, Klaus 
Max Planck Institute for Solar System Research, Katlenburg-Lindau, Germany 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Landolt-Börnstein 
 
Editorial Office 
Tiergartenstraße 17 
D-69121 Heidelberg, Germany 
e-mail: Redaktion.Landolt-Boernstein@springer.com 
 
Internet 
http://www.landolt-boernstein.com 
 



  IX 

Contents 
VI/4 Astronomy, Astrophysics, and Cosmology 
B: Solar System 
 
4 The Solar System .............................................................................................................  1
  
4.1 The Sun 1
  
4.1.1 The quiet Sun ...................................................................................................................  1
  
4.1.1.1 Solar global parameters (MICHAEL STIX) .........................................................................  1
  
4.1.1.2 Solar interior (MICHAEL STIX) .........................................................................................  3
4.1.1.2.1 Standard model ................................................................................................................  3
4.1.1.2.2 Solar neutrinos .................................................................................................................  3
4.1.1.2.3 Global oscillations ...........................................................................................................  5
4.1.1.2.4 Convection zone ..............................................................................................................  6
4.1.1.2.5 Solar rotation and meridional circulation.........................................................................  6
4.1.1.2.6 General magnetic field .....................................................................................................  7
 References for 4.1.1.1 and 4.1.1.2 ...................................................................................  8
  
4.1.1.3 The solar energy spectrum (KLAUS WILHELM) ................................................................  10
4.1.1.3.1 Solar irradiance and spectral irradiance ...........................................................................  11
4.1.1.3.2 Solar radiance and spectral radiance ................................................................................  15
4.1.1.3.3 The second solar spectrum ...............................................................................................  17
4.1.1.3.4 References for 4.1.1.3 ......................................................................................................  18
  
4.1.1.4 Solar photosphere and chromosphere (MATTHIAS STEFFEN) ...........................................  21
4.1.1.4.1 Mean vertical temperature structure ................................................................................  21
4.1.1.4.2 3D structure and dynamics of the solar photosphere and chromosphere .........................  39
4.1.1.4.3 References for 4.1.1.4 ......................................................................................................  58
  
4.1.1.5 Solar transition region and quiet corona (KLAUS WILHELM) ...........................................  65
4.1.1.5.1 The transition region ........................................................................................................  65
4.1.1.5.2 The quiet corona ..............................................................................................................  69
4.1.1.5.3 References for 4.1.1.5 ......................................................................................................  74
  
4.1.1.6 Radio emission of the quiet Sun (ARNOLD BENZ) ...........................................................  80
4.1.1.6.1 Flux density of the quiet sun full disk radio emission ......................................................  80
4.1.1.6.2 Brightness distribution across the quiet solar disk ...........................................................  82
4.1.1.6.3 Slowly varying radio emission of the sun ........................................................................  84
4.1.1.6.4 References for 4.1.1.6 ......................................................................................................  88
  
4.1.2 Solar activity ....................................................................................................................  90
  
4.1.2.1 Active regions (KLAUS WILHELM) ...................................................................................  90
4.1.2.1.1 References for 4.1.2.1 ......................................................................................................  94
  
4.1.2.2 11-year solar cycle (SAMI SOLANKI, NATALIE KRIVOVA) ................................................  97
4.1.2.2.1 The sunspot cycle ............................................................................................................  97
4.1.2.2.2 The magnetic cycle ..........................................................................................................  100
4.1.2.2.3 Irradiance and other parameters .......................................................................................  101



X Contents 

4.1.2.2.4 Longer term variations and secular change ......................................................................  104
4.1.2.2.5 References for 4.1.2.2 ......................................................................................................  106
  
4.1.2.3 Sunspots (SAMI SOLANKI, NATALIE KRIVOVA) ................................................................  109
4.1.2.3.1 General characteristics .....................................................................................................  109
4.1.2.3.2 Intensity and temperature structure ..................................................................................  110
4.1.2.3.3 Magnetic field structure ...................................................................................................  112
4.1.2.3.4 Flows and oscillations ......................................................................................................  114
4.1.2.3.5 Sunspot fine structure ......................................................................................................  114
4.1.2.3.6 References for 4.1.2.3 ......................................................................................................  115
  
4.1.2.4 Faculae and plage (SAMI SOLANKI, NATALIE KRIVOVA) ..................................................  119
4.1.2.4.1 General characteristics .....................................................................................................  119
4.1.2.4.2 Location and size .............................................................................................................  119
4.1.2.4.3 Intensity and temperature structure ..................................................................................  120
4.1.2.4.4 B-field structure ...............................................................................................................  123
4.1.2.4.5 Velocity structure .............................................................................................................  125
4.1.2.4.6 References for 4.1.2.4 ......................................................................................................  125
  
4.1.2.5 Prominences and ejecta (KLAUS WILHELM) .....................................................................  127
4.1.2.5.1 Prominences .....................................................................................................................  127
4.1.2.5.2 Filaments .........................................................................................................................  127
4.1.2.5.3 Eruptive prominences, filaments, and coronal mass ejections .........................................  128
4.1.2.5.4 Spicules and macrospicules .............................................................................................  129
4.1.2.5.5 Jets and tornadoes ............................................................................................................  131
4.1.2.5.6 References for 4.1.2.5 ......................................................................................................  132
  
4.1.2.6 Coronal active regions (KLAUS WILHELM) ......................................................................  135
4.1.2.6.1 Coronal oscillations and waves ........................................................................................  135
4.1.2.6.2 References for 4.1.2.6 ......................................................................................................  137
  
4.1.2.7 Flares (KLAUS WILHELM) ................................................................................................  139
4.1.2.7.1 Flare signatures ................................................................................................................  139
4.1.2.7.2 White-light flares .............................................................................................................  142
4.1.2.7.3 Flare physics ....................................................................................................................  142
4.1.2.7.4 References for 4.1.2.7 ......................................................................................................  143
  
4.1.2.8 Radio bursts of the non-thermal Sun (ARNOLD BENZ) .....................................................  148
4.1.2.8.1 Solar radio bursts .............................................................................................................  148
4.1.2.8.2 References for 4.1.2.8 ......................................................................................................  159
  
4.2 The planets and their satellites .........................................................................................  160
  
4.2.1 Introduction (TILMAN SPOHN) .........................................................................................  160
4.2.1.1 Structure and dimension of the Solar System ..................................................................  161
4.2.1.2 Definition of a planet in the Solar System .......................................................................  162
4.2.1.3 References for 4.2.1 .........................................................................................................  162
  
4.2.2 Basic data of planetary bodies (HAUKE HUSSMANN, FRANK SOHL, JÜRGEN OBERST) ....  163
4.2.2.1 General definitions ...........................................................................................................  163
4.2.2.1.1 Orbital elements ...............................................................................................................  163
4.2.2.1.2 Time standards .................................................................................................................  164
4.2.2.1.3 Astronomical units ...........................................................................................................  165



 Contents XI 

4.2.2.2 Planets..............................................................................................................................  166
4.2.2.3 Dwarf planets ...................................................................................................................  167
4.2.2.4 Satellites ..........................................................................................................................  167
4.2.2.5 Rings ................................................................................................................................  169
4.2.2.6 References for 4.2.2 .........................................................................................................  181
  
4.2.3 Terrestrial planets and satellites .......................................................................................  182
  
4.2.3.1 Geodetic and geophysical data (MATTHIAS GROTT, HAUKE HUSSMANN, JÜRGEN 

OBERST, MARITA WÄHLISCH) ..........................................................................................  
182

4.2.3.1.1 Introduction .....................................................................................................................  182
4.2.3.1.2 Rotation and shape ...........................................................................................................  183
4.2.3.1.3 Gravity studies .................................................................................................................  192
4.2.3.1.4 Topography ......................................................................................................................  196
4.2.3.1.5 References for 4.2.3.1 ......................................................................................................  199
  
4.2.3.2 Planetary interiors 

(FRANK SOHL, FRANK W. WAGNER, HAUKE HUSSMANN, MATTHIAS GROTT) .................  200
4.2.3.2.1 Introduction .....................................................................................................................  200
4.2.3.2.2 Basic equations and models .............................................................................................  202
4.2.3.2.3 Typical structure models ..................................................................................................  210
4.2.3.2.4 References for 4.2.3.2 ......................................................................................................  221
  
4.2.3.3 Planetary seismology (MARTIN KNAPMEYER) .................................................................  225
4.2.3.3.1 Introduction .....................................................................................................................  225
4.2.3.3.2 Mercury ...........................................................................................................................  226
4.2.3.3.3 Venus ...............................................................................................................................  228
4.2.3.3.4 Earth ................................................................................................................................  229
4.2.3.3.5 Moon ...............................................................................................................................  230
4.2.3.3.6 Mars .................................................................................................................................  245
4.2.3.3.7 References for 4.2.3.3 ......................................................................................................  251
  
4.2.3.4 Dynamics and thermal evolution (DORIS BREUER) ..........................................................  254
4.2.3.4.1 Introduction .....................................................................................................................  254
4.2.3.4.2 Thermal and chemical convection ...................................................................................  255
4.2.3.4.3 Field equations and parameterization ..............................................................................  256
4.2.3.4.4 Material parameters: viscosity and radioactive heat sources ...........................................  260
4.2.3.4.5 Dynamics and thermal evolution of terrestrial planets .....................................................  261
4.2.3.4.6 References for 4.2.3.4 ......................................................................................................  267
  
4.2.3.5 Planetary geology (ERNST HAUBER, ROLAND WAGNER) .................................................  271
4.2.3.5.1 Craters and chronology ....................................................................................................  271
4.2.3.5.2 Volcanism ........................................................................................................................  281
4.2.3.5.3 Tectonics..........................................................................................................................  308
4.2.3.5.4 Erosion, transport and sedimentation ...............................................................................  323
4.2.3.5.5 Nomenclature (JUDIT JÄNCHEN AND MARITA WÄHLISCH) ...............................................  332
4.2.3.5.6 References for 4.2.3.5 ......................................................................................................  337
  
4.2.3.6 Planetary photometry and spectroscopy (KATRIN STEPHAN) ...........................................  353
4.2.3.6.1 Photometric properties of planetary surfaces ...................................................................  353
4.2.3.6.2 Spectral properties of planetary surfaces .........................................................................  360
4.2.3.6.3 References for 4.2.3.6 ......................................................................................................  374
  



XII Contents 

4.2.3.7 Atmospheres of the planets and satellites (JOHN LEE GRENFELL) ....................................  378
4.2.3.6.1 Exospheres of small planets and satellites .......................................................................  378
4.2.3.6.2 Venus ...............................................................................................................................  378
4.2.3.6.3 Mars .................................................................................................................................  380
4.2.3.6.4 Galilean satellites .............................................................................................................  381
4.2.3.6.5 Titan .................................................................................................................................  382
4.2.3.6.6 Pluto, Charon and Triton .................................................................................................  383
4.2.3.6.7 References for 4.2.3.7 ......................................................................................................  383
  
4.2.3.8 Magnetic fields (TILMAN SPOHN) ....................................................................................  386
4.2.3.8.1 Dynamos ..........................................................................................................................  386
4.2.3.8.2 Magnetic fields of the terrestrial planets and satellites ....................................................  388
4.2.3.8.3 References for 4.2.3.8 ......................................................................................................  391
  
4.2.4 Planets of the outer Solar System (TILMAN SPOHN, JOHN LEE GRENFELL) ......................  392
4.2.4.1 Rotation, radii, shapes, gravity fields ...............................................................................  392
4.2.4.2 Giant planet atmospheres .................................................................................................  393
4.2.4.3 Interior models .................................................................................................................  397
4.2.4.4 Luminosity and thermal evolution ...................................................................................  399
4.2.4.5 Magnetic fields ................................................................................................................  399
4.2.4.6 References for 4.2.4 .........................................................................................................  402
  
4.2.5 Exoplanets (JOHN LEE GRENFELL) ...................................................................................  404
4.2.5.1 General properties............................................................................................................  404
4.2.5.2 Observation methods .......................................................................................................  404
4.2.5.3 Types of exoplanets .........................................................................................................  405
4.2.5.4 Terms used in exoplanet research ....................................................................................  406
4.2.5.5 Missions ...........................................................................................................................  406
4.2.5.6 References for 4.2.5 .........................................................................................................  406
  
4.2.6 Missions (JUDIT JÄNCHEN) ..............................................................................................  408
4.2.6.1 The inner Solar System ....................................................................................................  409
4.2.6.2 The outer Solar System ....................................................................................................  412
4.2.6.3 Missions to other celestial bodies ....................................................................................  413
4.2.6.4 References for 4.2.6 .........................................................................................................  419
  
4.3 Small bodies in the Solar System .....................................................................................  421
  
4.3.1 The asteroids (ALAN W. HARRIS) ....................................................................................  421
4.3.1.1 Asteroid discoveries.........................................................................................................  421
4.3.1.2 Dynamical groupings .......................................................................................................  421
4.3.1.3 Asteroid taxonomy ...........................................................................................................  421
4.3.1.4 Near-Earth asteroids and potentially hazardous asteroids ................................................  422
4.3.1.5 Asteroid families ..............................................................................................................  425
4.3.1.6 Asteroids with satellites and asteroid densities ................................................................  425
4.3.1.7 Asteroids with comet-like characteristics ........................................................................  428
4.3.1.8 Dwarf planets ...................................................................................................................  429
4.3.1.9 Rendezvous and fly-by missions to asteroids ...................................................................  430
4.3.1.10 Asteroid naming conventions/numbering ........................................................................  430
4.3.1.11 References for 4.3.1 .........................................................................................................  431
  
4.3.2 Meteors (INGRID MANN) ..................................................................................................  434
4.3.2.1 Introduction .....................................................................................................................  434



 Contents XIII 

4.3.2.1.1 Meteor phenomenology ...................................................................................................  434
4.3.2.1.2 Definitions .......................................................................................................................  435
4.3.2.2 Observations ....................................................................................................................  436
4.3.2.2.1 Optical observations ........................................................................................................  436
4.3.2.2.2 Radio observations ..........................................................................................................  438
4.3.2.2.3 Data archives and information for observers ...................................................................  439
4.3.2.3 Meteor fluxes, sources and orbits ....................................................................................  440
4.3.2.3.1 Meteor fluxes and sources ...............................................................................................  440
4.3.2.3.2 Meteoroid flux onto Earth ...............................................................................................  440
4.3.2.3.3 Meteor showers and their orbits .......................................................................................  441
4.3.2.3.4 Sporadic meteors and their orbits ....................................................................................  442
4.3.2.3.4 Sporadic meteors and their orbits ....................................................................................  443
4.3.2.4 Composition and properties .............................................................................................  444
4.3.2.4.1 Fireballs and falls .............................................................................................................  444
4.3.2.4.2 Meteoroid properties derived from meteor characteristics ..............................................  444
4.3.2.4.3 Meteoroid compositions derived from meteor spectroscopy ...........................................  445
4.3.2.5 References for 4.3.2 .........................................................................................................  447
  
4.3.3 Meteorites (PETER HOPPE) ...............................................................................................  450
4.3.3.1 Definition and nomenclature ............................................................................................  450
4.3.3.2 Significance of meteorite study ........................................................................................  450
4.3.3.3 Classification ...................................................................................................................  450
4.3.3.4 Chemical composition of chondrites ................................................................................  452
4.3.3.5 Isotopic compositions ......................................................................................................  455
4.3.3.6 Organic matter .................................................................................................................  457
4.3.3.7 Presolar grains .................................................................................................................  457
4.3.3.8 Origin of meteorites .........................................................................................................  460
4.3.3.9 References for 4.3.3 .........................................................................................................  461
  
4.3.4 Comets (RITA SCHULZ, GIAN-PAOLO TOZZI) ...................................................................  467
4.3.4.1 Mechanical data ...............................................................................................................  467
4.3.4.2 Photometry and polarimetry ............................................................................................  477
4.3.4.3 Multi-wavelength spectroscopic observations .................................................................  480
4.3.4.4 Measurements from space missions .................................................................................  485
4.3.4.5 Nucleus ............................................................................................................................  485
4.3.4.6 Coma ................................................................................................................................  491
4.3.4.7 Tails .................................................................................................................................  492
4.3.4.8 The nature of cometary dust ............................................................................................  494
4.3.4.9 Laboratory studies relevant to comets .............................................................................  496
4.3.4.10 References for 4.3.4 .........................................................................................................  497
  
4.3.5 Interplanetary dust (EBERHARD GRÜN, VALERI DIKAREV) ..............................................  501
4.3.5.1 Introduction .....................................................................................................................  501
4.3.5.2 Measurement techniques ..................................................................................................  502
4.3.5.2.1 In-situ measurements .......................................................................................................  502
4.3.5.2.2 Micro crater studies .........................................................................................................  504
4.3.5.2.3 Dust sample return ...........................................................................................................  506
4.3.5.2.4 Atmospheric collection ....................................................................................................  506
4.3.5.2.5 Meteor radars ...................................................................................................................  506
4.3.5.2.6 Remote sensing of the Zodiacal cloud .............................................................................  507
4.3.5.3 Observations ....................................................................................................................  508
4.3.5.3.1 Zodiacal light ...................................................................................................................  508
4.3.5.3.2 Thermal emission .............................................................................................................  509



XIV Contents 

4.3.5.3.3 Size distribution at 1 AU .................................................................................................  510
4.3.5.3.4 Chemical and physical properties ....................................................................................  511
4.3.5.3.4.1 In-situ measurements .......................................................................................................  511
4.3.5.3.4.2 Analysis of collected dust particles ..................................................................................  514
4.3.5.3.5 Flux measurements in the interplanetary dust cloud ........................................................  518
4.3.5.3.6 Solar System dust streams................................................................................................  519
4.3.5.3.7 Interstellar dust in the heliosphere ...................................................................................  520
4.3.5.4 Theory..............................................................................................................................  522
4.3.5.4.1 Sources ............................................................................................................................  522
4.3.5.4.2 Dynamics .........................................................................................................................  522
4.3.5.4.3 Sinks ................................................................................................................................  524
4.3.5.4.4 Populations ......................................................................................................................  524
4.3.5.5 References for 4.3.5 .........................................................................................................  527
  
4.3.6 Interplanetary particles and magnetic fields (BERNDT KLECKER) ....................................  537
4.3.6.1 Interplanetary plasma and magnetic field (solar wind) ....................................................  537
4.3.6.2 Energetic particles in interplanetary space .......................................................................  541
4.3.6.2.1 Solar energetic particle composition and charge states ....................................................  541
4.3.6.2.2 Solar energetic particle injection and coronal propagation ..............................................  544
4.3.6.2.3 Interplanetary propagation of solar cosmic rays ..............................................................  545
4.3.6.2.4 Corotating energetic particle events .................................................................................  547
4.3.6.2.5 Modulation of galactic cosmic rays .................................................................................  548
4.3.6.2.6 Anomalous component of low energy cosmic rays ..........................................................  551
4.3.6.3 Gases of non-solar origin in the Solar System .................................................................  554
4.3.6.3.1 Introduction .....................................................................................................................  554
4.3.6.3.2 Determination of the interstellar gas distribution in the heliosphere ................................  555
  
4.4 Abundances of the elements in the Solar System (KATHARINA LODDERS, HERBERT 

PALME, HANS-PETER GAIL) .............................................................................................  560
4.4.1 Introduction .....................................................................................................................  560
4.4.1.1 Historical remarks ............................................................................................................  560
4.4.1.2 Solar System matter .........................................................................................................  561
4.4.1.3 Classification of Solar System materials ..........................................................................  562
4.4.1.4 Condensation temperatures ..............................................................................................  563
4.4.2 Chondritic meteorites .......................................................................................................  563
4.4.2.1 Components of chondritic meteorites ..............................................................................  563
4.4.2.2 Chemical variations in chondritic meteorites and the significance of CI-chondrites .......  565
4.4.3 Meteorite derived Solar System abundances ...................................................................  567
4.4.3.1 CI-meteorites as a standard for Solar System abundances ...............................................  567
4.4.3.2 Abundances of the elements in CI-chondrites ..................................................................  568
4.4.3.3 Comparison with other abundance tables ........................................................................  573
4.4.4 Photospheric abundances .................................................................................................  574
4.4.5 Comparison of photospheric and meteoritic abundances .................................................  578
4.4.6 Solar System abundances .................................................................................................  583
4.4.6.1 Recommended present-day solar abundances ..................................................................  583
4.4.6.2 Mass fractions X, Y, and Z in present-day solar material ................................................  585
4.4.6.3 Solar System abundances 4.56 Ga ago ............................................................................  587
4.4.6.4 Abundances of the nuclides .............................................................................................  587
4.4.7 Elemental abundances in neighboring stars in the Milky Way ........................................  592
4.4.8 References for 4.4 ............................................................................................................  595
  
4.5 Chronology of the solar system (MARIO TRIELOFF) .........................................................  599
4.5.1 Definitions and principles of age determinations based on radioisotopes........................  599



 Contents XV 

4.5.2 The age of the Solar System: from dust to planets ...........................................................  600
4.5.2.1 The formation process of planetary systems ....................................................................  600
4.5.2.2 Formation and age of first Solar System solids ................................................................  601
4.5.2.3 Formation and age of asteroid sized planetesimals ..........................................................  602
4.5.2.4 Formation and age of planets ...........................................................................................  605
4.5.3 Secondary history: collisions, impact cratering, and magmatic activity on large bodies .  607
4.5.4 References for 4.5 ............................................................................................................  608
  
 Color-picture part ............................................................................................................  613 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


