An Earthling’s Guide to
the Solar System






An Earthling’s Guide to
the Solar System

By

William H. Waller

Cambridge
Scholars
Publishing



An Earthling’s Guide to the Solar System

By William H. Waller

This book first published 2024

Cambridge Scholars Publishing

Lady Stephenson Library, Newcastle upon Tyne, NE6 2PA, UK

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Copyright © 2024 by William H. Waller

All rights for this book reserved. No part of this book may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording or otherwise, without
the prior permission of the copyright owner.

ISBN (10):1-0364-0353-X
ISBN (13): 978-1-0364-0353-9



TABLE OF CONTENTS

List Of TITUSLrAtIONS ....c.eoiiiiiieiieeieiieeieee e vii
List Of Tables...oouiiuiiieeieiieieeee et xviii
FOTEWOTA ...ttt XXiX
Preface ....coueviiiiiiieiece e XX

Section I: Our Celestial Family

(0] 1F:1 o1 <) S U 2
A Solar System Primer

CRAPLET 2 .ottt ettt te e e te e s ae et e e s tbeetae s sbeensaessaeenseeans 11
The Earth and Moon

CRAPLET 3 ..ottt ettt e e et et be b e nbeeneens 34

The Sun—Our Star

CRAPLET 4 ...ttt ettt e sttt e naeeneens 43
Rocky Worlds (Mercury, Venus, Earth, Mars, Asteroids and Meteorites)

(0] 1T o1 <) SRS RRIPRSURORN 62
Gas Giants (Jupiter and Saturn— their Moons and Rings)

CRAPLET 6 .ottt ettt st e e s te et e e s ae e tee s sbeessaesseeenseeans 79
Ice Giants (Uranus, Neptune, and “Planet X™)

CRAPLET 7 .ottt et e b et et e teenseenseennens 95
Icy Debris (Pluto, Plutoids, Comets, and Meteoroids)

Section II: Our Formative Past and Disparate Futures

(] 1T o1 1<) O USSP 112
Birth of the Solar System



vi Table of Contents

(@] 1F:1 o 17<) S USSR 124
Lives of the Planets

Section III: Systems Beyond

(] 1F:1 o173 S 0 S 132
Exoplanets Everywhere!
(] 1F:1 o 1<) S 1 USSR 143

The Search for Life Beyond Earth

(@] 1F:1 o171 S RSP STSRPR 154
Settling the Solar System(?)

APPENAIX A ot 164
Bodies of the Solar System



LIST OF ILLUSTRATIONS

Fig. 1-1 Distribution of planetary and cometary orbits on a logarithmic scale
of distances. (AU) refers to Astronomical Units, where the Sun-Earth
distance equals one Astronomical Unit. The logarithmic scaling enables the
enormous dynamic range of distances to be compressed into a single map.
The rough doubling of planetary distances according to the Titius-Bode
rule, is manifested here as equally-spaced intervals. The Asteroid Belt is
most populated between the orbits of Mars and Jupiter. Beyond the Kuiper
Belt of icy plutoids and comets, the Solar System extends to the Oort Cloud
of comets halfway to the nearest star system (Alpha Centauri)! While Saturn
is impressively 10 times farther from the Sun than Earth is, Oort’s Cloud of
comets is yet another 5,000 to 50,000 times farther away. (Credit: Wikipedia
Commons)

Fig. 2-1 (Top) Seismic waves from an earthquake propagate through
Earth’s interior, in some cases refracting into curved trajectories, and in the
particular case of S-waves—getting impeded by any liquid material in its
path. (Credit: cyberphysics.co.uk website). (Bottom) Collective studies of
earthquakes from distributed networks of seismographs have led to the
conclusion that Earth contains a hot and highly-pressurized solid metal
inner core, a liquid metal outer core, a lower mantle of metal-rich silicate
rock, an upper mantle of more plastic rock, and a stiff outer crust of
relatively metal-poor rock. (Credit: U. S. Geological Survey)

Fig. 2-2 Crustal plates on Earth’s surface. Some are mostly oceanic, while
others support large continents. These plates are in relative motion, causing
ocean floor spreading as between the North American and Eurasian plates
along the mid-Atlantic Ridge, collisional folding such as between the Indian
and Eurasian plates along the Himalayan Mountain range, and plates
subducting under other plates as manifested by the “ring of fire” along the
Pacific rim. (Credit: U.S. Geological Survey and Wikipedia Commons)

Fig. 2-3 The rock cycle on Earth’s surface involves the weathering of
igneous and other rocks into sediments that transform under pressure and
heat into sedimentary rock. Some sedimentary rocks will undergo further
compression and heating to become metamorphic rocks. Through plate
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tectonics, these various rocks subduct into the upper mantle along plate
boundaries, re-melt into magma and re-emerge through volcanic and other
mountain-building activity as igneous rocks. (Credit: Adapted from
Roadside Geology of Massachusetts by James W. Skehan, Mountain Press
Publishing Co.)

Fig. 2-4 Cross-sectional layers of Earth’s atmosphere. Temperatures
oscillate with increasing altitude, while the pressure steadily decreases at an
exponential rate. (Credit: Adapted from the Comet Program -- North
Carolina State University)

Fig. 2-5 Measured levels of atmospheric carbon dioxide [top] and methane
[middle] over the last 40 years (Credit: NOAA Global Monitoring
Laboratory). (Bottom) Measured surface temperatures over the last 140
years (Credit: NASA-GISS)

Fig. 2-6 (Top) The Moon’s gravitation produces greater attractive forces on
Earth’s near side compared to its far side. (Bottom) This gradient in
gravitational force, once referenced to Earth’s center, results in two tidal
bulges towards and away from Earth’s center along the Earth-Moon line.
As Earth’s surface rotates through this double-bulging, it experiences two
high tides per day. (Courtesy of Richard Pogge, Ohio State University)

Fig. 2-7 Maps of reflectivity from the Moon’s near and far sides, as recorded
by NASA’s Lunar Reconnaissance Orbiter (LRO) in 2011. These maps
show significantly more impact basins (“maria”) filled with dark lava on
the Moon’s near side compared to its far side. This geological disparity is
consistent with independent measurements indicating that the near-side
crust is significantly thinner than that of the far side. Perhaps through tidal
interactions with Earth, or through a collision with some other interloping
body, the Moon’s outermost layers became lopsided in this way, thus
allowing more upwelling lava to breach the surface on the near side (See
Footnotes)

Fig. 3-1 The Sun and planets to scale. The Sun is about 10 times larger than
Jupiter and 100 times larger than Earth which could fit inside one small
sunspot. (Credit: Courtesy of Jason Major)

Fig. 3-2 The condition of Aydrostatic equilibrium ensures that the Sun
neither collapses upon itself nor expands unchecked. In each layer, the
weight of the overlying matter is exactly opposed by the pressure exerted
by the heated gases in that layer. In the deepest layers, the gravitational and
pressure forces rise to tremendous values. (Credit: Adapted with changes
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from Horizons: Exploring the Universe by Michael Seeds, Cengage
Learning, 2002.)

Fig. 3-3 Radial profiles of the gas density and temperature inside the Sun.
These profiles result from computations involving the basic laws of
Newtonian gravity and classical thermodynamics. The ultimate source of
power resides in the Sun’s core, whose high temperature and density enables
thermonuclear reactions. The energy from these reactions replenishes the
energy that is radiated into space from the Sun’s surface. (Credit: W. H.
Waller in The Milky Way—An Insider’s Guide)

Fig. 3-4 The proton-proton chain of thermonuclear reactions that is thought
to power the Sun. Four protons (hydrogen nuclei) ultimately fuse into one
helium nucleus containing two protons and two neutrons. The excess energy
is released in the form of gamma rays and neutrinos. (Credit: Wikipedia
Commons)

Fig. 3-5 Solar Anatomy-Theoretical models based on the Sun’s radial
profiles of internal temperature and density have revealed distinct zones,
each with their own special physical properties. From the inside out, they
are the thermonuclear, radiative, and convective zones. The latter’s depth is
constrained by helioseismic measurements, whereby the heaving Sun’s
surface can be sensed and analyzed in terms of favored oscillations and
corresponding wavelengths. Beyond the visible surface, or photosphere, the
chromosphere, transition zone, and corona demarcate solar plasmas at ever
increasing temperatures and decreasing densities

Fig. 3-6 The hot solar corona is thought to be powered by the sudden
reconfiguration of magnetic fields. To the left, a solar flare brightens at X-
ray wavelengths, marking a particularly intense release of magnetic energy.
To the right, an eruptive prominence gives rise to a massive coronal mass
ejection (CME). (Credit: Solar Dynamics Observatory, NASA)

Fig. 3-7 Variations in solar activity over the past 400 years can be tracked
by the numbers of sunspots that were recorded on a yearly basis. The lull in
solar activity during the 17" Century was especially pronounced. It was
associated with an unusually cold climate throughout northern Europe and
North America. (Credit: Wikipedia Commons)

Fig. 4-1 Cross-sectional depictions of the terrestrial planets and our Moon.
Each planet contains a metal core (of varying size), mantle, and crust. The
Moon’s metal core is negligible compared to the others (Credit: Adapted
with changes from NASA)
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Fig. 4-2 Close-up images of Mercury (left) and the Moon (right) show
similarly cratered topographies but with more detailed pitting on Mercury.
These small rimless “hollows” on Mercury are thought to be tracing sites of
recent gaseous outbursts. The lunar image also includes artifacts of human
exploration from the robotic Surveyor and manned Apollo 12 missions to
the Moon. (Credits: (Mercury) Messenger -- NASA/Johns Hopkins University
Applied Physics Laboratory/Carnegie Institution of Washington; (Moon)
Lunar Reconnaissance Rover—-NASA/GSFC/Arizona State University)

Fig. 4-3 (Top) Images of the Venusian surface taken by the Venera 13
lander. (Credit: Venera 13—Union of Socialist Soviet Republics). (Bottom)
Radar mapping of the Venusian surface by the Pioneer Venus orbiter with
annotations referring to female deities. (Credit: Pioneer Venus—NASA)

Fig. 4-4 The Magellan radar mapping mission revealed a wide variety of
volcanic features, indicative of a still-active crust. (Left) Maat Mons is an 8
km high volcano seen here in perspective with the vertical scale multiplied
by a factor of 22.5. Multiple scans of this region by Magellan have revealed
temporal changes that could indicate active volcanism. (Credit: Magellan—
Jet Propulsion Laboratory/NASA). (Right) A series of “pancake domes,”
likely a consequence of volcanic eruptions suppressed by the planet’s great
atmospheric pressure. (Credit: Jet Propulsion Laboratory/NASA)

Fig. 4-5 Surface features on Mars include (Top, from left to right) the
Olympus Mons supervolcano, the Tharsis ridge volcanoes, and the great
chasm Valles Marinaris, and (Bottom) outflow channels and other erosion
patterns indicative of ancient waters having flowed. (Credits: (Top)
Reconstructed rendering from Mars Global Surveyor and Viking with
vertical scale multiplied by a factor of 5.0 -- NASA/Goddard Space Flight
Center Scientific Visualization Studio; (Bottom left) Outflow channel
feeding into the northern plains of Chryse Planitia; (Bottom right) Delta
pattern in Jazero crater attributed to flowing water—Mars Reconnaissance
Orbiter, NASA/JPL/JHUAPL/MSSS/Brown University)

Fig. 4-6 Close-up views of Martian rock obtained by rovers have revealed
(Top) relatively dark spherical concretions of hematite (known as
“blueberries”) that, on Earth, are formed in aqueous environments and
(Bottom) striated layering of rock akin to sedimentary rocks on Earth.
(Credits: (Top) Mars Exploration Rover—-JPL/NASA; (Bottom) Mars
Curiosity Rover—JPL/NASA)

Fig. 4-7 Silhouettes of the first ten discovered asteroids with the Moon as
backdrop. From 1 to 10, they are 1-Ceres, 2-Pallas, 3-Juno, 4-Vesta, 5-
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Astraea, 6-Hebe, 7-Iris, 8-Flora, 9-Metis, and 10-Hygiea. Compared to the
Moon and planets, most asteroids are much smaller and asymmetric in
shape. (Credit: Vystrix Nexoth/Wikipedia/Public Domain)

Fig. 4-8 (Top) The radial distribution of asteroids manifests gaps that
correspond to orbital resonances with Jupiter. (Credit: Wikipedia
Commons). (Bottom) The Apollo, Amor, and Aten Asteroids have Earth-
crossing or near-Earth-crossing orbits that pose a major hazard to Earth. The
Trojan asteroids follow and lead Jupiter in its orbit by 60 degrees. (Credit:
Mike Farid—Astromic’s Backyard blog)

Fig. 4-9 Asteroids that have been imaged by visiting spacecraft, including
(top) Phobos and Deimos (which are now satellites of Mars), (middle) the
four largest asteroids, and (bottom) other much smaller objects. (Credits:
NASA, ESA, and JAXA)

Fig. 5-1 (Top) Schematic cross sections of Jupiter and Saturn, where the
different layers are based on physical models. The natures of the cores are
the least certain. (Credit: NASA / Lunar and Planetary Institute). (Bottom)
Image of Jupiter by the Cassini spacecraft showing dark belts, brighter
zones, white ovals, and the Great Red Spot. The black dot is the shadow of
Jupiter’s 2" closest satellite, Europa. (Credits: NASA / JPL / University of
Arizona).

Fig. 5-2 Comparison of surface features on the four Galilean moons that
orbit Jupiter. (Top) lo features many volcanoes. (Credits: NASA / JPL /
USGS). (2™ from top) Europa has ridges of upwelling water that have
frozen in place. (Credits: NASA / JPL / SETI). (2™ from Bottom) Ganymede
has multiple overlays of grooved terrain indicative of prior flooding.
(Credits: NASA / NSSDC). (Bottom) Callisto has recorded an ancient
legacy of meteoritic bombardment. (Credits: NASA / NSSDC)

Fig. 5-3 Saturn and its icy rings present one of the most stunning sights in
the Solar System. Because of the 27° tilt of its spin axis with respect to its
orbital axis, Saturn changes in appearance as viewed from Earth over the
course of one Saturnian year (29.5 Earth years). As shown in this Hubble
Space Telescope composite from 2000 to 2006, Saturn’s ring system opened
up from being just past edge-on to being nearly fully open with its southern
hemisphere experiencing Summer. (Credits: NASA / Hubble Heritage
Team / STScI)
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Fig. 5-4 Saturn’s system of rings, as codified by astronomers over the past
400 years. (Credits: NASA / JPL / Space Science Institute / Cassini-
Huygens)

Fig. 5-5 Views of Titan (top), Enceladus (middle), and Mimas (bottom).
(Credits: NASA / JPL/ Cassini-Huygens)

Fig. 6-1 (Top) Interior schematic of Uranus (which applies equally well to
Neptune). (Credit: Adapted from CliffsNotes Astronomy Study Guide).
(Bottom) The odd configurations of the rotational axes and magnetic fields
in these two “ice giants.” (Credit: Adapted from NASA’s Cosmos)

Fig. 6-2 Hubble Space Telescope view of Uranus with its moons and system
of rings. The hemisphere irradiated by the Sun is oriented toward the left.
Contrast has been enhanced, so that the planet’s subtle atmospheric features
can be seen. (Credits: STScl / NASA / ESA)

Fig. 6-3 The innermost moon Miranda shows a jumble of odd features
including an extreme cliff face, seen below in closeup. (Credits: NASA /
JPL-Caltech)

Fig. 6-4 Mapping of the rings and associated moons orbiting Uranus, based
on imagery from Voyager 2. The Uranian rings were found to be much
thinner and darker than those of Saturn. (Credit: Adapted from NASA /
JPL—Caltech and Wikipedia Commons)

Fig. 6-5 (Top) Image from Voyager 2 of Neptune showing atmospheric
streaks and the Great Dark Spot. An image of Earth is included for scale.
(Bottom) Voyager 2 image of Neptune’s largest moon Triton (not presented
to scale; Triton is actually 11 times smaller than Neptune). (Credits: NASA
/ JPL-Caltech)

Fig. 6-6 Near-infrared image of Neptune by the James Webb Space
Telescope shows a set of thin rings like those around Uranus. They are
likely composed of various ices, dust, and dark organic molecules. (Credits:
NASA, CSA, ESA, STScl)

Fig. 6-7 Schematic of the outermost planetary orbits, including those of
Uranus, Neptune, Sedna, and the clustered TNOs that have led theorists to
predict the gravitating presence of a giant Planet X in the farthest reaches
of the Solar System. (Credits: Adapted from “Simulating the Universe” by
Herb Koller, based on graphic by R. Hurt / CalTech-IPAC)
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Fig. 7-1 The largest bodies currently known to occupy the Kuiper Belt of
Trans-Neptunian Objects (TNOs) that is located between 30 and 50 AU
from the Sun. The top row shows an artist’s conception of the “plutoids”
that have been classified as dwarf planets. The plutoids depicted in the row
below are currently classified as dwarf planet candidates. The Earth and
Moon are depicted to scale at the bottom. (Credit: Wikipedia Commons
based on NASA data)

Fig. 7-2 Maps of Pluto’s surface based on images taken by the Hubble
Space Telescope in 1994 and 2002-2003 indicate temporal changes in the
reflective frost that blankets the surface. These maps were greatly
superceded in spatial resolution when the New Horizons space probe
reached the Plutonian system in July 2015. However, they have provided
important temporal information that the brief flyby of New Horizons could
not duplicate. (Credits: NASA / ESA / M. Buie-Southwest Research
Institute)

Fig. 7-3 Images of Pluto (left) and Charon (right) taken by New Horizons
during its epochal flyby of the remote planetary system in July 2015 (sizes
to scale). (Credits: NASA / Southwest Research Institute / Telles Gabriel)

Fig. 7-4 Detail from the Bayeux Tapestry depicting the Battle of Hastings
in 1066 CE. The comet is represented as a fiery star, with accounts noting
that it shined with a light equal to a quarter that of the Moon. It has since
been identified as Halley’s Comet. (Credit: Wikipedia Commons).

Fig. 7-5 Schematic of a generic comet as it approaches and then recedes
from the Sun. Its straight “plasma tail” consists of gases that have been
driven directly away from the cometary nucleus by the high-speed solar
wind. The curved “dust tail” consists of microscopic grains of dust that have
been pushed into a slower stream by photons of light from the Sun. Being
slower, the receding dust grains partake more in the orbital motion of the
comet itself -- thus producing a curved trajectory away from the orbital
direction. (Credit: Adapted with changes from Wikipedia Commons)

Fig. 7-6 A rogue’s gallery of cometary nuclei as imaged by robotic
spacecraft. (Credits: (Top) Nicholas Atree / ESA / NASA; (Bottom) Jet
Propulsion Lab, NASA)

Fig. 8-1 The Horsehead Nebula in near-infrared light as imaged by the
Hubble Space Telescope. This dense cloud of cold molecular gas and
obscuring dust spans about 7 light-years. It is being irradiated and photo-
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eroded from above by the hot star Sigma Orionis, another 45 light-years
farther away. (Credits: NASA / ESA / Hubble Heritage Team)

Fig. 8-2 Gallery of 20 protoplanetary disks, as imaged by the Atacama
Large Millimeter Array (ALMA) at millimeter wavelengths. Here, the light
is from microscopic grains of dust at temperatures of about 20—40 Kelvins.
(Credit: ALMA [ESO/NAOJ/NRAO], S. Andrews et al.; [NRAO/AUI/
NSF], S. Dagnello)

Fig. 8-3 Cartoon of a rotating cloud that collapses via its own self-gravity
into a central mass and enveloping disk, as first articulated by Pierre-Simon
Laplace in the early 19" Century. The cloud’s rotation reduces the
acceleration of infall at the cloud’s equator, thus producing a flattened disk.
The central mass will become a self-luminous star, while the disk will
break-up into several planets

Fig. 8-4 Stages of stellar gestation (from top to bottom) beginning with a
molecular cloud core, the infall of gas to make a protostar and accretion
disk, the emergence of a bipolar outflow from the protostar, the resultant
clearing of material in the protoplanetary disk, and the residual star with
orbiting planets that characterize the Solar System and other “mature”
exoplanetary systems. (Credits: Charles Lada [Harvard-Smithsonian Center
for Astrophysics] and Rob Wood [Illustrator])

Fig. 9-1 Modeled cross-section of the emergent Solar System’s pre-
planetary disk, as it evolves from rocky and icy particles into full-fledged
planets. The water “snow line” demarcates the regions which will host
rocky vs. gaseous and icy planets. (Credits: Subaru Telescope / NAOJ)

Fig. 9-2 In this artist’s conception, the primitive Solar System played host
to newborn planets amid a flurry of itinerant debris, some of which
pummeled the planets during the first 0.8 billion years of their lives. (Credit:
NASA)

Fig. 9-3 Timeline of Earth from its formation 4.56 billion years ago, to the
violent formation of the Moon 4.5 billion years ago, the crystallization of
Earth’s crust 4.1 billion years ago, the onset of microbial life 3.8-3.5 billion
years ago, the rise in atmospheric oxygen due to photosynthesizing bacteria
2 billion years ago, the development of complex lifeforms 600 million years
ago, the age of the dinosaurs 200-66 million years ago, and the emergence
of humans a scant few hundred thousand years ago. (Credit:Adapted from
J. W. Valley—Colorado University
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Fig. 9-4 A plotting of the Sun’s luminosity (left) and Earth’s surface
temperature (right) since the Sun’s birth 4.6 billion years ago, assuming that
the Earth stays at its current distance from the Sun. Both the Sun’s
luminosity and Earth’s surface temperature rise to uncomfortable levels
well before the Sun becomes a red giant (Credit: Adapted from Atoms,
Stars, and Nebulae, 2™ edition by L. A. Aller, Cambridge, MA: Harvard
University Press (1971), p. 213)

Fig. 10-1 “Footprint” of the Kepler Space Telescope’s imaging detectors
upon the sky. By continuously imaging this part of the sky, Kepler scientists
were able to assemble light curves of about 150,000 stars. An impressive
2,662 of these light curves showed convincing evidence for periodic dips
consistent with the passage of transiting exoplanets. (Credit: NASA/Ames/
JPL-Caltech)

Fig. 10-2 Spatial distribution of stars hosting known exoplanets as plotted
in equatorial coordinates. The cluster to the upper right (RA =305 deg, Dec
= +43 deg) corresponds to the part of sky that was continuously imaged by
the Kepler mission. Many of the other dots come from the TESS mission.
The S-curve of clustered dots denotes the plane of the Milky Way in this
coordinate system. About 3,560 planetary systems are represented here.
(Credit: Plotted from the interactive Extrasolar Planets Encyclopedia at
http://exoplanet.eu/)

Fig. 10-3 (Top) Frequency distribution of planetary distances from their
host stars (semi-major axes in units of Astronomical Units [AU]), where the
x-axis is logarithmically compressed. Most of the detected exoplanets have
semi-major axes considerably smaller than that of Earth at 10° = 1 AU.
(Bottom) Frequency distribution of planetary masses (in units of Earth
masses), where the x-axis is logarithmically compressed. A large fraction
of the detected exoplanets have masses greatly exceeding that of Earth. The
two peaks respectively correspond to masses of 10 Earth masses (super
Earths) and 300 Earth masses (Jupiters). (Credit: Plotted from the
interactive Extrasolar Planets Encyclopedia at http://exoplanet.cu/)

Fig. 10-4 A plotting of exoplanetary radii and masses, as detected and
measured up to 2018. This sort of plotting enables scientists to distinguish
populations of metallic, rocky, watery, and gaseous planets. For reference,
the starred planets indicate (from left to right) Venus, Earth, Uranus,
Neptune, Saturn, and Jupiter. (Credit: From Exoplanet Science Strategy,
National Academies Press [2018])
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Fig. 10-5 Frequency distribution of exoplanet surface temperatures, based
on the planet’s distance from its host star and the luminosity of that star.
Most detected exoplanets have very hot surface temperatures, likely due to
their close proximities to their host stars. However, there appear to be about
55 exoplanets in this sample of 898 detections with estimated surface
temperatures between 273 K and 373 K—where any surface waters could be
in liquid form. Extrapolating this detection rate to the entire Milky Way
Galaxy of 300 billion stars would yield an estimate of about 20 billion
habitable exoplanets populating the Galaxy. (Credit: Plotted from the
interactive Extrasolar Planets Encyclopedia at http://exoplanet.eu/)

Fig. 11-1 Spectrum of Earthshine—the sunlight reflecting off the Earth’s
surface and illuminating the otherwise dark parts of the Moon. Spectral
features local to the Sun and Moon have been subtracted. (Credit: Adapted
from M. Turnbull et al. 2006, Astrophysical Journal, Vol. 644, p. 551,
https://iopscience.iop.org/article/10.1086/503322)

Fig 11-2 Infrared transmission spectrum of the giant exoplanet of WASP
39-b, as obtained by the James Webb Space Telescope. The spectrum is
inverted so that absorptions by molecular species show as peaks rather than
troughs. Spectroscopic signatures of water, sulfur dioxide, carbon monoxide,
and carbon dioxide molecules are clearly evident. (Credit: NASA)

Fig. 11-3 Radio spectrum of the sky showing contributions from Earth’s
atmosphere, Milky Way Galaxy, and cosmic microwave background. The
frequency along the x-axis is in units of giga-Hertz (GHz), and the intensity
along the y-axis denotes the antenna temperature in units of Kelvins (K).
The water hole at frequencies of 1-2 GHz coincides with a minimum in the
natural contributions, where any artificial signals would be most prominent.
The spectral lines of hydrogen (H) at 1.420 GHz and hydroxide (OH) at
1.662 GHz populate this spectral window. Together, these two gases would
make HOH, or HO—water. (Credit: Adapted from Astronomy—A Beginner’s
Guide to the Universe 6" Edition by E. Chaisson and S. McMillan, San
Francisco: Pearson Education [2010])

Fig. 11-4 The TRAPPIST-1 System consists of seven Earth-size planets
orbiting very close to their host star—a cool, dim M-dwarf. Because they are
so close to their irradiator, they receive enough radiation to warm
significantly. Indeed, three of the exoplanets (e, f, and g) are thought to be
orbiting within the star’s habitable zone. (Credits: Adapted from NASA/
JPL-Caltech/R. Hurt, T. Pyle [TIPAC])
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Fig. 11-5 Design of the plaque that was placed aboard the Pioneer 10 and
11 spacecraft that were launched towards Jupiter in 1972 and 1973,
respectively. Outlines of male and female humans are juxtaposed against
the Pioneer probe. A schematic of the Solar System and Pioneer s trajectory
runs along the bottom. The radial arrangement of lines indicates the
directions and distances from the Solar system to the nearest pulsars along
with the respective pulsation periods. The top two circles represent the two
spin states of the sole electron in the hydrogen atom whose “flipping”
produces the 21 cm wavelength radio emission of hydrogen. (Credit:
NASA-C. Sagan, F. Drake, L. S. Sagan, and O. Raisanen—Wikipedia)

Fig. 12-1 The ultraviolet imaging telescope that was deployed on the lunar
surface in 1972 by the Apollo 16 crew. The lunar lander is to the right with
the lunar rover and American flag in the background. (Credit: NASA)

Fig. 12-2 Green glass beads collected by astronauts during the Apollo 15
mission to the Moon in 1971. Chemical analysis of these volcanic ejecta
indicated the presence of entrained water. (Credit: NASA)

Fig. 12-3 The Kuiper Belt Object Arrokoth as imaged by New Horizons on
January 1, 2019. (Credits: NASA, Johns Hopkins University Applied Physics
Laboratory, Southwest Research Institute)
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FOREWORD

What is it about the Solar System that is so alluring to us Earthlings?
Perhaps it is that the Solar System offers up the most tangible piece of the
cosmic puzzle, a place whose attractions we can actually visit, touch, see
and smell! I fell in love with the Solar System when I studied the Saturn
system using Cassini data. Years later, I continue to nurture a passionate
and deep relationship with these wondrous planets, moons, comets and
asteroids that co-orbit the Sun. This book provides a sublime homage to our
home planet and its kindred realms. The way William Waller describes the
salient features—while also including poems, anecdotes and even some
mathematics—makes his paean to the Solar System truly come to life. I've
studied the planets for many years, and so I found myself nodding in
affirmation many times while reading, but also learning new things.
Planetary science has been one of the most exciting areas of space science
in recent years, starting with the Venera missions to Venus and progressing
to the detection of exoplanets outside our Solar System. But even before
these technological advances, humans have been fascinated with our Moon,
the Sun, the panoply of visible planets and their diverse satellites—because
at the end of the day, the Solar System is what we call home. Certainly, it is
a special place because of planet Earth, and of our relationships with the
living creatures that reside here. But the future potential for planetary
science might well include astrobiology and the eternal search for life
elsewhere. There is so much more to be discovered, and books like An
Earthling’s Guide to the Solar System will help us do just that.

Dr. Sheila Kanani, Honorary Researcher
Lancaster University, and

Education, Outreach & Diversity Officer
Royal Astronomical Society



PREFACE

To the ancients, the Solar System appeared as an itinerant troupe of gods,
each luminary traipsing over the vault of heaven along a shared path but
following its own unique cadence. The Sun ruled the daytime sky, while the
shape-shifting Moon waxed and waned in both the daytime and nighttime
skies according to its observed displacement from the Sun. Mercury and
Venus shone most prominently in the Sun-kissed twilight sky, while Mars,
Jupiter, and Saturn elegantly adorned both the twilight and deep night skies
according to their annual rhythms.

It took the invention of the telescope in 1608 for us Earthlings to learn
anything more about these celestial vagabonds. Telescopic views of the Sun
revealed dark spots that were later recognized as knots of intense magnetism
and sources of explosive flares. The Moon showed myriad craters that gave
tangible testament to a history of violent impacts by other bodies. Mercury
and Venus displayed phases like those of the Moon, while Mars sported
polar ice caps that varied with the seasons on this ruddy planet. Jupiter
dazzled with its striated bright zones, dark belts, Great Red Spot, and bevy
of moons. Saturn had all that in more muted form plus a stunning system of
rings. The telescope also led to the discovery of new planets—greenish blue
Uranus in 1781 and similarly colored Neptune in 1846. Pluto was discovered
in 1930 but has since been relegated to one of many minor, or dwarf, planets
orbiting the Sun. Beginning in the 1960s, pioneering space missions have
brought us ever closer to these worlds—revealing intimate insights to their
physical constitution and dynamics.

Having written a prior book on introductory astronomy, (4stronomy: A
Beginner’s Guide [OneWorld Publications]), I came to realize that our
current knowledge of the Solar System is far more intimate than what we
know of other stars, star clusters, nebulae, galaxies, galaxy clusters, and the
cosmic web. There is a reason for this deeper level of familiarity. Through
our robotic probes, orbiters, landers, and rovers, we have vicariously visited
many of the worlds that inhabit our Solar System. We have even set foot on
the Moon and brought samples back to Earth for detailed investigations. In
a few decades, we will be doing the same with Mars. These sorts of direct
explorations have provided a wealth of information that was difficult to
reconcile with the remotely sensed narrative offered in Astronomy: A
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Beginner’s Guide. Consequently, I was motivated to write this more
focused book on the Solar System, itself.

To convey a complete accounting of our celestial family, I have
borrowed and modified a few of the salient chapters in Astronomy: A
Beginner’s Guide. These include what are now “A Solar System Primer,”
“The Sun—Our Star,” and “Birth of the Solar System.” The remaining 9
chapters are unique to this book. You will notice that An Earthling’s Guide
to the Solar System also includes several “teachable moments” for sharing
with students, friends, and family. Further information on these hands-on
minds-on activities can be found in Dr. Waller’s Science Gazette at
https://sites.google.com/site/sciencegazette/home/teachable-moments-in-
astronomy-astrophysics. Unlike Astronomy: A Beginner’s Guide, this book
is considerably more tentative in outlook. If there is one thing we have
learned from our robotic and manned explorations, it is the surprising
diversity of the worlds that we have encountered. We remain one space
mission away from gaining startling new insights.

In this spirit, I welcome you to participate in the continually evolving
explorations of our Solar System. One way for you to take part in this
adventure is as a citizen scientist who helps carry out crowd-sourced
projects through the online Zooniverse portal at https://www.zooniverse
.org/. There are always new projects in space science being posted on the
website, just waiting for your input.

As an astronomer and science communicator, I have benefited from the
wisdom provided by many mentors, colleagues, students, and family. My
mentors include Jim Cornell who gave me my first job as a science writer
at the Harvard-Smithsonian Center for Astrophysics, Steve Strom and Sue
Kleinman who advised me in my dissertation work at the University of
Massachusetts, Paul Hodge who gave me my first lectureship position at the
University of Washington, Bruce Woodgate who genially coached my
postdoctoral fellowship at NASA’s Goddard Space Flight Center, and
lastly, Cary Sneider who provided a welcoming home at the Museum of
Science in Boston for the New England Space Science Initiative in
Education (NESSIE)—a NASA education and public outreach program that
we co-ran together with Cathy Clemens of the Center for Astrophysics.
Over the past four decades, I have enjoyed mentoring my own students ---
at the University of Massachusetts, University of Washington, Tufts
University, Endicott College, and Rockport High School. Their curious
minds, infectious enthusiasm, and dauntless ways have been nothing less
than inspirational. My family continues to encourage me in my writing
endeavors—and supports me through thick and thin. I am honored to dedicate
this book to them, especially.
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The book you see today greatly benefited from the fine illustrative work
of Leigh Slingluff, the editorial craftsmanship of the Cambridge Scholars
team, and helpful input from expert reviewers. Any remaining glitches or
errors of attribution remain mine to acknowledge and make amends.

Many people responded to my GoFundMe appeal for funding the costs
of illustrations as well as permissions to use various copyrighted material
(including my own!). These included Jerry Ackerman, Jenny Amory, Ted
Blank, Jerry Bonnell, Linda Bosselman, Charles Carbonneau, Michael
Deneen, Christopher DeRosa, Todd DiGeronimo, Christine Downing,
Jeffrey Edmonds, Frank Fardy, Gary Gorczyca, Robert Grady, Paul
Graveline, Laura Hallowell, Noorali Jiwaji, Claudine Kavanagh, Stephen
Kolaczkowski, Ana Larson, Richard Luecke, Jamy Madeja, Kathleen
Miller, Christiane Munkholm, Jane O’Maley, Stephen Ouellette, Joan
Paille, Radha Pertaub, Rebecca Reynolds, John Ronan, Yves Simon, Lisa
Smith, Cary Sneider, Ilya Taytslin & Lynn Breymer, David Tower, and
Julian Waller. Of course, they are in no way responsible for any errors of
fact or omission on my part. I remain deeply grateful to them for their
support and encouragement.



SECTION I:

OUR CELESTIAL FAMILY



CHAPTER 1

A SOLAR SYSTEM PRIMER

“Outside intelligences, exploring the solar system with true impartiality,
would be quite likely to enter the sun in their records thus: Star X, spectral
class GO, 4 planets plus debris.”

—Isaac Asimov, Essay 16, “By Jove!”. In View from a Height, 1963 CE

If this book on the Solar System was apportioned by mass, every page
would be full of information on the Sun, as it contains 99.86 percent of the
Solar System’s total mass. The planets, asteroids, plutoids, and sundry
comets that make up the rest of our Solar System would all fit on the last
few lines on the last page. Instead, I have given the Sun primacy of place,
while devoting significant ink to the wondrous worlds that have grown up
with the Sun and are still bound by its gravitational grip. As you will see,
the dominant theme running through these chapters is the incredible variety
manifested throughout the Solar System. This leaves open the question of
what other stellar and planetary systems might look like. We have come to
know that stars come in many colors, luminosities, masses, sizes, and ages—
and that a major fraction of them are accompanied by planets. So, let’s get
to know our home system a little better—for its own sake, of course -- but
also to prepare us for exploring what lies beyond.

Basic Plan

The overall layout of our Solar System can be visualized in a variety of
ways. The most obvious is to create a scaled-down version that you could
peruse on foot. Here is a scale model Solar System, wherein you can start
with the Sun as a grapefruit and then pace-out upon a large playing field
properly scaled-down versions of planets in the form of salt grains, poppy
seeds, mustard seeds, peppercorns, an allspice seed, and one big blueberry.
Feel free to substitute your favorite fruits, vegetables, and spices. The
scaling is from 14 billion to one! Planetary distances refer to the Sun. In this
model, both the planetary sizes and distances are to scale. Other model Solar
Systems of various scaling can be found along the National Mall in
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Washington, D.C., the Topsfield Linear Common in Massachusetts, Route
1 in Maine, and other well-traveled places.

Table 1-1: A 14 billion-to-one scaling of the Solar System showing both down-
scaled sizes (D) and distances from the Sun (d).

(nearest star)

Object Diameter/Distance Scale to Model suggestion
Sun D=14x10km=0.01 AU |10 cm Grapefruit
Mercury D=4.9x103km 0.35mm  [Salt grain
d =58 x 10°km = 0.39 AU 4.2 m [Four big strides
'Venus D=12x 10°km 0.86 mm  [Mustard seed
d=108x 10°%km=0.72 AU [7.7m [Eight big strides
Earth D =13 x 10°km 0.91 mm  [Mustard seed
d=150x10°km=1.00 AU [10.7 m 11 big strides
Moon D =3.5x10°km 0.25mm  [Salt grain a thumb’s
d (from Earth) =3.8 x 10°km [27 mm width from Earth
Mars D =6.8 x 103km 0.48 mm  [Poppy seed
d=228x10°%km=1.52 AU [16.3m 16 big strides
(pitcher’s mound to
lhome plate in
baseball)
Asteroid Belt  [d~414x10°km~2.8 AU |30m 30 big strides (1% to
Range is 2.1-3.3 AU 2" base in baseball)
Jupiter D =143 x 10°km 10.0mm  [Big blueberry or Kix
d=778x 10km =520 AU [55.6 m 55 big strides (width
of a football field)
Saturn D =128 x 10°km 8.57 mm  |Allspice or pea
d= 1426 x 10°km = 9.54 AU (102 m 100 big strides (100
meter dash or length
of a football field)
\Uranus D =51x10°km 3.65mm  [Peppercorn
d=2868 x 10°km =19.2 AU 205 m 200 big strides (two
football fields)
Neptune D =45x 10°km 3.55mm  [Peppercorn
d=2868 x 10°%km =30.1 AU [321 m 320 big strides (Tiger
Wood’s golf drive)
IPluto D=2.4x10’km 0.17mm  |Ground pepper
(most famous  |d =5900 x 10°km =39.4 AU 421 m Length of Boston
“plutoid”) Public Garden
Oort Cloud of |d=7.5x 102km = 50,000 AU|536 km Boston to Ottawa,
Comets ON
Alpha Centauri [d =4 x 10" km = 270,000 AU 2900 km  |Grapefruit

IBoston to Denver,

cCO
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If you tape or glue each scaled-down body to an index card, you can then
give the cards to your buddies for pacing out on a large playing field. A big
enough playing field should allow you to get out to the orbit of Neptune.
Once all the “bodies” are distributed, the relative coziness of the inner rocky
Solar System vs. the far-flung realm of the gas and ice giants will become
obvious to all. (Using the online calculator at https://www.exploratorium.
edu/ronh/solar_system/, you can pick your own scaling and find all the
corresponding sizes and distances of your personal model Solar System).

This sort of “linear” visualization helps to highlight the vast spaces
between the planets relative to their sizes. Another way to visualize the
Solar System is to compress the distances logarithmically, so that you can
more easily cope with the full range of distances that are traced by the
planets and outer comets. This sort of rendering is shown in Fig. 1-1.
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Fig. 1-1: Distribution of planetary and cometary orbits on a logarithmic scale of
distances. (AU) refers to Astronomical Units, where the Sun-Earth distance equals
one Astronomical Unit. The logarithmic scaling enables the enormous dynamic
range of distances to be compressed into a single map. The rough doubling of
planetary distances according to the Titius-Bode rule, is manifested here as equally-
spaced intervals. The Asteroid Belt is most populated between the orbits of Mars
and Jupiter. Beyond the Kuiper Belt of icy plutoids and comets, the Solar System
extends to the Oort Cloud of comets halfway to the nearest star system (Alpha
Centauri)! While Saturn is impressively 10 times farther from the Sun than Earth is,
Oort’s Cloud of comets is yet another 5,000 to 50,000 times farther away. (Credit:
Wikipedia Commons).
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Observing our Solar System

The sundry objects that make up our Solar System span an incredible range
of distances and sizes. Much of what is out there defies ready
reconnaissance. Yet there remains an awful lot that can be perceived by just
looking up. Indeed, there is nothing like viewing these marvels for yourself—
naked eye, through binoculars, or at the eyepiece of a small telescope.

The Sun can be viewed in a variety of ways. Here, safety is of paramount
importance. The Sun’s intense rays—even without optical amplification—can
damage your eyes. One of the safest ways to view the Sun is through
projection. Using a cardboard box, you can build a simple pin-hole camera
that projects an image of the Sun onto one of the inner walls of the box. The
trick is to cut a 2-inch (5 cm) hole out of the middle of one side of the box
and to cover the hole with a piece of aluminum foil that has been pierced
once by a pin. That hole, when pointed toward the Sun, will then project an
image onto the opposite wall of the box.

If you don’t mind spending a few dollars (about $370, or £248) you can
purchase a Sunspotter (see https://www.enasco.com/p/The-Sunspotter%
2BSB46150) which uses a lens to project a nice image of the Sun onto a
surface at just the right distance from the lens. This is sufficient for you to
see sunspots and to track their motion across the face of the Sun from day
to day. From this tracking of sunspots, you can infer the Sun’s spin period—
a fundamental property of this nearest star.

Aluminized mylar filters allow you to directly view the Sun. You can
purchase “solar shades” made of the proper material (see https://www.
eclipseglasses.com/). These are often used during eclipses of the Sun. You
can also top-off your telescopes with custom-fitted filters made of the same
material. Finally, you can purchase a stand-alone solar telescope that filters
out all light but a particular red emission produced by the Sun’s stormy outer
layer known as the chromosphere. These sorts of rigs can cost hundreds to
thousands of dollars. However, the views they afford are spectacular,
featuring fiery prominences that jut out from the solar limb along with
sunspots full of roiling details. Amateur astronomy clubs often include
members who have made the investment and are willing to share their views
with students and the curious public. Establishing a good relationship with
your local amateur astronomy club is definitely a good idea! The best part
of observing the Sun is that you can do it in the daytime, when school is in
session and your kids are awake. ©)

Mercury and Venus orbit the Sun interior to the Earth’s orbit. Their
closer relation to the Sun makes them appear in the twilight sky as “morning
stars” or “evening stars.” That means they are often found in the east just
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before sunrise or in the west just after sunset. The best time to view Mercury
is when it is near its point of greatest elongation from the Sun. This amounts
to no more than 28 degrees, so Mercury is always found in a significantly
brightened sky. Venus has a far more forgiving maximum elongation from
the Sun of 47 degrees, so it is possible to view this planet in a completely
darkened sky. Through a small telescope, Mercury reveals very few of its
secrets. One is even hard-pressed to perceive any asymmetries resulting
from its particular state of solar illumination, i.e. its phase. Again, Venus is
far more accommodating. I had the pleasure of once viewing Venus and the
crescent Moon in the same part of the evening sky. Through my 8-inch
diameter reflecting telescope, Venus showed the same phase as the Moon—
a beautiful consequence of both orbs being mostly backlit by the Sun at the
time.

Mars, Jupiter, and Saturn all orbit the Sun well-beyond the Earth’s orbit.
That means they are not limited in their elongations from the Sun as seen
from Earth. Indeed, the best times to view these planets are when they are
completely opposite the Sun, when they appear highest in the sky at local
midnight. This state of opposition occurs roughly once every 2.1 Earth years
(780 days) for Mars, every 399 days for Jupiter, and 378 days for Saturn.
The angular sizes of the planets are largest during opposition, as the Earth
and these planets are all on the same side of the Sun and so are closest to
one another in their respective orbits. Naked-eye views of Mars can reveal
a ruddy hue, while those of Jupiter are much whiter, with Saturn yielding a
more tawny tone.

Binocular views of Mars provide a better rendering of its rusty color but
not much more. Being half the size of Earth, Mars never appears large
enough for any details to be resolved with binoculars. Even its two small
moons remain below the threshold of detection. To do better, you need to
gain access to a decent telescope. A properly focused refracting or reflecting
telescope during times of opposition will typically show one or both of the
polar ice caps along with some darkened features such as Syrtis Major. That
is, unless a dust storm has completely enveloped the planet. Sometimes the
use of colored filters at the eyepiece will help to bring out the contrast of
the features. It takes the use of an observatory-class telescope to spy the tiny
Martian moons Phobos and Deimos.

A well-aligned pair of binoculars will show Jupiter’s substantial girth
along with its four Galilean moons. These satellites will appear in a
dynamically shifting lineup—with o typically closest to Jupiter, followed by
Europa, Ganymede, and Callisto. Amateur telescopes can literally bring
Jupiter into fascinating focus. The giant planet’s dark belts and bright zones
can be resolved along with smaller features—including festoons, bright and
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dark spots, and the Great Red Spot itself. If you have the time, you can
monitor Jupiter’s rapidly rotating orb as it makes one rotation every 9.9
hours. You can also track the Galilean moons as they transit in front of or
behind Jupiter. Sometimes you can catch one of these moons casting a
shadow on Jupiter. If there happened to be any Jovians living beneath that
shadow, they would be witness to a solar eclipse!

Being twice as far as Jupiter, Saturn reveals considerably less through
binoculars. Its tallow color becomes more conspicuous, while its largest
moon Titan should be evident. Some people will be able to see some
asymmetries in Saturn itself, just as Galileo saw ear-like protuberances with
his spyglass more than 400 years ago. It takes a good amateur telescope,
however, to resolve these extensions into the exquisite ring system for
which Saturn is justly famous. The Cassini Division between the A and B
rings along with lesser divisions can be spotted during times of steady
“seeing” through Earth’s atmosphere. Some keen-eyed telescopic observers
have discerned radial details in the broad inner B ring—what are known as
“spokes.” I regret to say that I’'m not among these perceptive elites.

As Saturn sedately orbits the Sun, its ring system slowly changes its
aspect with respect to the inner Solar System. Saturn’s spin axis is tilted by
27.4 degrees with respect to its orbital axis, and so the planet experiences a
similar sequence of seasons as does Earth. We therefore see Saturn appear
to pirouette through configurations of maximal tilt toward us during one of
its solstices followed by no tilt during one of its equinoxes. The ring system
follows suit with the rings at maximum display during the solstice seasons
and closest to disappearing during its equinoxes. Because a Saturnian year
takes a full 29.4 Earth years, each Saturnian season spans the equivalent of
7.35 Earth years. Accordingly, Saturn’s rings reached edge-on status in
August 2009, attained maximal tilt toward us in May 2017, and will again
diminish to edge-on insignificance in May 2025.

Uranus and Neptune are both beyond the reach of the unaided eye. High-
quality binoculars and a good sky chart are sufficient to spot Uranus, but a
telescope is required to sight Neptune. You will see no more than
shimmering dots, with Uranus appearing greenish-blue and Neptune
appearing slightly more blue. Considering that these major planets were
completely unknown at the time of the American Revolution, you will likely
cherish whatever views you get of them!

Comets spend most of their time in the outer Solar System. However,
each decade or so we are witness to several comets that come close enough
to the inner Solar System to put on magnificent displays. I personally
treasure my naked-eye views of Comet Bennett in 1970, Comet IRAS-
Araki-Alcock in 1983, Comet Halley in 1986, Comet Hale-Bopp in 1995,
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and Comet NeoWise in 2020. The most spectacular cometary apparitions
feature a brilliant nucleus, from which a straight plasma tail and a curved
dust tail emanate. Telescopes will enable you to zoom into the nucleus and
surrounding coma, where you may see evidence of curving streamers. All
this assumes that you have situated yourself well away from sources of
light-pollution whose illumination of the sky will otherwise overwhelm
these diffuse sights. Believe me, it will be worth the effort!

Epochal Explorations

As I write these chapters, robotic missions to sundry bodies in the Solar
System are reaping ever-new insights into the structure, function, and
history of our stellar and planetary home. More than 7 missions are currently
deployed to study the Sun and its effects on the rest of the Solar System.
The Messenger spacecraft mapped Mercury from 2011 to 2015 after a 40-
year hiatus of robotic exploration. The surface of Venus was imaged by
Soviet landers in the 1970s and radar-mapped by NASA’s Magellan orbiter
in the 1990s. The European Space Agency’s Venus Express orbiter
(launched in 2005) spent almost a decade studying the thick atmosphere of
this hellish planet before it was commanded to descend through that same
atmosphere in December 2014. Since 2015, Akatsuki (aka the Venus
Climate Orbiter) has been swinging around Venus every ten days while
taking fabulous pictures of the planet’s dynamic atmosphere. Mars
continues to draw our concerted attention with six orbital missions and three
surface rovers currently operating—the SUV-size rover Curiosity rover that
has been exploring since 2012, the Perseverance rover that landed
successfully in 2021, and the Chinese Zhurong rover also landing in 2021.
Complementing these rovers, the /nSight lander sensed the planet’s seismic
activity between November 2018 and December 2022, retiring when the
dust accumulation on its solar panels nixed any further operations.
Exploring beyond the terrestrial planets, the Dawn spacecraft began
orbiting the large asteroid Vesta in August 2011 and encountered Ceres in
2015. In 2018, the Hayabusa2 landed on the asteroid Ryugu, bringing back
to Earth precious samples of the asteroid in 2020. The OSIRIS-REx
spacecraft landed on Bennu in 2020 and successfully delivered its samples
to Earth in 2023. Comet Halley was visited by six spacecraft during the
comet’s momentous passage through the inner Solar System in 1986. The
dusty tail of Comet Wild-2 was sampled by the Stardust spacecraft in 2004.
A capsule from the spacecraft returned a cache of comet dust back to Earth
in 2006. Stardust was then directed toward Comet Tempel 1, where it
imaged in 2011 the crater excavated 6 years prior by the Deep Impact



