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The metric units used in this book can be converted to English units by using the approximate conversions given below:
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1 kilometer = 0.62 of a mile

1 meter = 39.37 inches

1 centimeter = 0.39 inches

1 millimeter = 0.039 inches

Area

1 sq. kilometer (km2) = 0.04 sq. miles

       1 sq. meter (m2) = 1.2 sq. yards

       1 sq. centimeter (cm2) = 0.155 sq. inches

Temperature

To convert °Celsius to °Fahrenheit, multiply °C by 1.8 and add 32

Speed

1000 km/h = 277.8 m/s = 621.37 mph

Volume

1 cubic cm (cm3) = 0.061 cubic inches

Introduction



  
  We shall not cease from exploration and the end of all our exploring will be to arrive where we started… and know the place for the first time. 

  (T.S. Elliot)

  
  This book is about a unique corner of the Universe, a small expanse of largely empty space that surrounds an ordinary star in the suburbs of the Milky Way galaxy. Known as the Solar System, this region is populated by the Sun, eight planets, dozens of satellites and dwarf planets, and a multitude of smaller objects.

Why is it important to explore and understand the Solar System? Because the third planet from the Sun is our home: Earth is the only place yet discovered where living organisms and intelligent life exist, or have ever existed. This unique, “Goldilocks” world is the cradle of humankind, a fragile oasis in the vastness of space.

However, spaceship Earth is subject to many threats and stresses. Some are man-made, such as deforestation, atmospheric pollution or emissions of ozone-destroying chemicals. Some are natural planetary processes, such as crustal movement and changing sea level. Others are external, including solar flares and marauding asteroids.

As news reports of natural disasters constantly remind us, Earth is an ever-changing world, subject to ice ages, mountain building, earthquakes, volcanic eruptions and devastating cosmic impacts. Since its birth some 4.5 billion years ago, the planet has endured all of these natural forces to evolve into the largely benign place we see today. If we can understand how this evolution occurred, we will then have a better chance of predicting how it will change in the future.

This is where studies of the Sun, planets and other inhabitants of the Solar System come to the fore. Only by comparing and contrasting the evolution of these very different objects can we hope to understand the past, present and future of our Earth.

This scientific endeavour has been made possible by the advent of the Space Age. During this great age of discovery, modern technology has enabled us to construct automated spacecraft and robots that can act as surrogate explorers, venturing forth into the vast, hostile ocean of space to seek out and study new worlds.

Over more than half a century, hundreds of robotic spacecraft have been sent from Earth to examine at close quarters all of the planets, and many other objects, in our Solar System. This book is based on the flood of data sent back by these probes, which has enabled scientists to assemble, piece by piece, a realistic picture of our Solar System. For the first time, human eyes have been able to see towering cliffs, dust devils, erupting volcanoes, dry river beds and ice formations on dozens of distant worlds, most of them totally alien to our experience here on Earth.

Many years ago, my imagination was captured by books that described the family of alien worlds that circle our Sun, although, at that time, most of the information available was pure speculation. I have been fascinated by the many and varied members of the Solar System ever since. It is my hope that readers of this book will be similarly fascinated and inspired.

Exploring the Solar System has been written as an introductory text book for undergraduate students with a modest background in science. However, it is also intended to inform and inspire anyone who looks up at the night sky and wishes to know more about the alien worlds that inhabit our corner of the Universe.

After an introductory chapter which provides an overview of the Solar System, the book sets out to systematically describe the main characteristics of each major planet and its retinue of satellites, as well as the smaller members of the Sun’s retinue. The final chapter enables the reader to compare and contrast our Solar System with systems around distant stars, where huge numbers of strange and exotic exoplanets are now being discovered.

Questions at the end of each chapter have been added to help students to recognize and comprehend the main points of each chapter, and to compare each planetary system. Useful reference material is provided in the form of numerous appendices, an extensive reading list, and a comprehensive glossary.

This book would not have been possible without the support and encouragement of Ian Francis, Senior Commissioning Editor for Wiley-Blackwell, and Delia Sandford, the Managing Editor for this project. I am most grateful for their patience and forbearance as the book has edged towards completion.

My sincere thanks also go to Kelvin Matthews of Wiley-Blackwell, who has checked all of the illustrations, to the production team, especially Kathy Syplywczak, and to the various reviewers whose helpful comments and criticisms played such an important role in shaping the final text.

Much of the information this book is based on original scientific papers, many of which are listed in the final pages. Numerous other scientific sources – many now available on the Internet – were also used, including magazine articles, press releases, and other information provided by space agencies – particularly NASA - and universities. I am also very grateful to everyone who helped me to obtain, or provided me with, the spectacular images that illuminate this story of outreach and discovery.

Finally, I would like to thank my wife, Edna, who first encouraged me to describe and explain the wonders of our Solar System.

Peter Bond

ONE

Beginnings




For millennia, people have studied the heavens and wondered about the nature and origins of the Sun, Moon and planets. Indeed, Solar System studies dominated the field of astronomy until the introduction of powerful telescopes and advanced instruments in the 19th century. In the last 50 years, spacecraft have flown past or orbited all of the major planets, landed on the Moon, Mars, Titan and an asteroid, and brought back samples of Moon rock, the solar wind, asteroid and comet dust. This era of robotic and human exploration has revolutionized scientists’ knowledge of our corner of the Galaxy, and further astounding revelations are expected in the decades to come.

Wandering Stars

Since time immemorial, people have stared in wonderment at the night sky. In previous millennia, when the darkness of the sky was not degraded by artificial lighting, it was easy to recognize how the stellar patterns drifted from horizon to horizon as the night progressed, and how they changed as the seasons passed.

However, in addition to the familiar, twinkling stars, observers noted seven objects that moved with varying speeds against the background of “fixed” stars.1 In order of greatest apparent brightness, they were the Sun, Moon, Venus, Jupiter, Mars, Mercury and Saturn. The ancient Greeks called them “planetes” (“wandering stars”), a designation we still use for all but the Sun and Moon.


 
 Figure 1.1  The relative sizes of the orbits of the seven “planets” (including the Sun and Moon) visible to the naked eye and recognized by ancient astronomers. All of the orbits are slightly elliptical and nearly in the same plane as Earth’s orbit (the ecliptic). The diagram is from a view above the ecliptic plane and away from the perpendicular axis that goes through the Sun. 

 (Lunar and Planetary Institute)
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For ancient astrologers and astronomers (the two disciplines were inextricably intertwined for many centuries) the most important of the wanderers were the Sun, which was responsible for daylight, and the Moon, which dominated the night. Both of these objects displayed visible disks and moved quite rapidly across the sky. Careful study of their regular motions and apparitions enabled people to devise calendars and introduce convenient ways of measuring time. Thus, a year was the period of time before the Sun returned to the same place in the sky, while the month was the period that elapsed between each new or full Moon.

The other five planets were rather less noticeable, though each had its own peculiar characteristics. For example, Mercury and Venus never strayed far from the Sun in the twilight skies of morning or evening. The other three moved more slowly from constellation to constellation, sometimes describing loops in the sky as they appeared to temporarily reverse direction.

 Figure 1.2  All of the major planets follow orbits that lie within 8° of the Sun’s path across the sky – the ecliptic. This narrow celestial belt is known as the zodiac. In this image from the SOHO spacecraft, four planets appear close to the Sun (whose light is blocked by an occulting disk). Also in view are some background “fixed” stars, including the Pleiades cluster. 
(NASA-ESA)
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It was also evident that the seven planets often came together in the sky or even passed behind the Moon during occultations. They always remained within a narrow band on the sky, known as the zodiac (after the Greek word for “animal”). The Sun’s annual path across the sky, called the ecliptic, ran along the center of this celestial highway. Clearly, the planes of the planets’ orbits were closely aligned with each other.

The Earth-Centered Universe

Until the mid-16th century, it was accepted as an established fact by most civilizations that Earth lay at the center of the Universe.2 Like the axle of a wheel, everything else rotated around it.

The reasons for this thinking seemed self evident. All of the celestial objects, including the Sun, moved across the sky from east to west (with the occasional exception of a comet or a shooting star). However, since no one experienced any of the sensations that would be expected if Earth was continually spinning, it seemed logical to believe that it was the heavens which were in motion around Earth.

According to this geocentric theory, the Sun, Moon and planets were carried by invisible, crystalline spheres which were centered on the Earth. A much larger celestial sphere carried the fixed stars around the central Earth once every day.

Although early civilizations accepted the visual evidence that Earth is (more or less) flat, this idea was contradicted by several lines of evidence (see Chapter 3). For example, different star patterns or constellations are visible from different places. However, if Earth is flat, then the same constellations should be visible everywhere at a certain time.

One key piece of evidence was the curved outline of Earth’s shadow as it drifted across the face of the full Moon during a total lunar eclipse. This was the case no matter where the observation was made or at what time it took place. Since only a spherical body can cast a round shadow in all orientations, it seemed clear that Earth was round.

Similarly, observations of a sailing ship disappearing over the horizon showed that, instead of simply becoming smaller and smaller, its hull disappeared from view before the sails and mast. This could only be explained on a curved ocean.

Measuring Distances and Sizes

One of the most fundamental problems facing early astronomers was the scale of the Universe. How big were the Earth, Sun and Moon, and how far away were they? It seemed evident that Earth was huge compared with every other object, and since it was the home of humanity, it was assumed that Earth was pre-eminent.

The question of the size of the spherical Earth was solved in the 3rd century BC by Eratosthenes, who compared the length of shadows made at different locations at the time of the spring equinox (see Chapter 3). Some facts were also known about the relative sizes and distances of other objects.

Since its shadow easily covered the entire Moon during lunar eclipses, Earth had to be substantially larger than its satellite. During a solar eclipse, the Moon passed in front of the Sun, so the latter had to be further away. However, since their apparent sizes were identical, the Sun must be considerably larger than the Moon. Similarly, the Moon sometimes occulted or passed in front of stars and planets, so these, too, had to be much more remote.

Calculations by the Greek astronomers Aristarchus (c.310–c.230 BC) and Hipparchus (c.190–120 BC), based on the size of Earth’s shadow, suggested that the Moon’s diameter is about one third that of Earth and that its distance is nearly 59 times Earth’s radius. This established the scale of the Earth-Moon system with a fair degree of accuracy. However, their simple geometric methods grossly underestimated the Sun’s distance.

Determination of the planetary distances remained problematical for a long time. It soon became clear to observers in the classical world that some planets move more slowly through the constellations of the night sky. Since a slow-moving planet such as Saturn was also fainter than the faster moving objects, Mars and Jupiter, it seemed logical that Saturn is further away from Earth.

It was also clear that the Sun, Moon and planets did not move at uniform speeds or follow simple curved paths across the sky. One of the most difficult observations to explain was an occasional “loop” in the motions of the more distant planets. This occurred when Mars, Jupiter and Saturn were shining brightly around midnight. At such times, the planet’s nightly eastward (“prograde”) motion would gradually come to a stop. It would then reverse direction toward the west, becoming “retrograde”, before resuming its general movement toward the east.


 
 
 
 
 
The explanation for this motion had to wait until astronomers realized that the Sun was at the center of the planetary system, and that Earth orbited the Sun (see “The Central Sun” below). The loops could then be accounted for by Earth traveling along a smaller orbit so that it would catch up with, then overtake, the outer planets (see Fig. 1.3) – like an athlete on an inside track.

 
 Figure 1.3 The apparent retrograde loops in the motions of Mars, Jupiter and Saturn are now known to be caused by the relative orbital movement of the planets and Earth. Since Earth moves faster along its orbit than the more distant planets, it overtakes them on the inside track. As Earth approaches and passes Mars, the slower moving outer planet (points 2 to 4) appears to move backward (points B to D) for a few months against the backcloth of “fixed” stars. 
(Kenneth R. Lang / Tufts University, NASA)
[image: c01f003]


 
 
 
 
Accurate calculations of planetary distances also had to wait until the 17th century, when observers were able to measure angular distances with reasonable accuracy. The basic geometrical method they used was called parallax.

This involved measurement of the apparent shift in position of an object when viewed from two different locations. To illustrate this, hold one finger upright in front of your nose and close first one eye and then the other. The finger seems to shift position against the background, although it is, of course, stationary. When the finger is moved closer, the shift appears larger, and vice versa.

 Figure 1.4  The distance of a planet such as Mars can be calculated by measuring its angle of sight – its location against the background of fixed stars – from two or more places on Earth. If the length of the baseline (e.g. the distance between two viewing sites, A–B) is known, the distance can be found by using simple trigonometry. 
(ESO)
[image: c01f004]


Astronomers realized that, if a parallax shift in a planet’s position could be measured from two widely separated locations, then its distance could be calculated. This method was first used by a French astronomer, Jean Richer, working in Cayenne (French Guiana) together with Giovanni Domenico Cassini and Jean Picard in Paris. They made simultaneous parallax observations of Mars during its closest approach in 1671, using the recently invented pendulum clocks to ensure that the measurements were made at precisely the same moment.3

Cassini’s calculations led to a value of about 140 million km for the astronomical unit (AU) – the mean Sun-Earth distance. Now that this distance was known with reasonable accuracy, Kepler’s third law (see Box 1.1) could be used to calculate the distances of the Sun and planets for the first time.


 
 
 
 
 
 
 
During the 18th century a great deal of time, money and effort was spent in attempting to refine these figures. One method was to observe rare transits of Venus across the face of the Sun from many different locations. The most famous transit observations took place in 1761 and 1769 when the British explorer, Captain James Cook, sailed to the Pacific as part of an army of 150 observers scattered across the globe, but these gave very inaccurate results (see Chapter 6).

More successful was the world-wide effort to determine the parallax of the asteroid Eros when it passed close to Earth in 1931. Highly accurate measurements were possible since Eros has no atmosphere and appears as a mere point of light in even the largest telescopes. The value of the astronomical unit turned out to be 149.6 million km.

Since then, more sophisticated techniques have been introduced to refine the scale of the Solar System. One of the most successful is radar, when radio signals are reflected from the surfaces of distant objects (see Chapters 5, 6 and 13). Since the velocity of these microwaves is known and the time taken between emission and reception can be measured to a fraction of a second, the distance can be readily calculated. (Radar has also revealed the sizes and shapes of hundreds of asteroids.) A similar technique used to calculate changes in the Earth-Moon distance involves the use of laser pulses bounced off special reflectors left on the lunar surface.

Once an object’s distance is accurately known, the diameter can be determined from its apparent angular size, as seen in a telescope. Unfortunately, this is very difficult for the smaller or more distant members of the Solar System, particularly if their albedo, or surface reflectivity, is uncertain.

In general, the larger an object, the more light its surface reflects. However, some objects are much better mirrors than others. A small, reflective object can have the same apparent brightness as a large, dark object. New observations of some Kuiper Belt objects, beyond the orbit of Pluto, indicate that their albedos are greater than previously believed. Since they are more reflective than anticipated, astronomers have revised their diameters downwards.

Another method, involving the occultation of a star by a planet or other object, is especially valuable in relation to bodies which are normally difficult to observe. The object’s diameter is calculated from the length of time during which it hides the star from view. Unfortunately, if it possesses a dense, cloudy atmosphere, the occultation only gives the diameter at the cloud tops.

The Central Sun

The difficult task of breaking with tradition and accepting the Sun as the center of the Universe began with a Polish priest and astronomer named Nicolaus Copernicus (1473–1543). He decided that the only way to make sense of the planetary orbits was to relegate Earth to the status of a planet that orbited the Sun. The movement of the stars across the sky was then explained by the rotation of the spherical Earth, while the calendar of seasons and changing constellations in the heavens were accounted for by its year-long journey around the Sun.

Copernicus’ most significant work, called De Revolutionibus Orbium Celestium (Concerning the Revolutions of the Celestial Spheres), was published shortly before his death. Curiously, this did not provoke a violent reaction by the establishment of the day, nor did it immediately lead to any major upheaval in scientific thought. Lacking enough evidence to swing the argument one way or the other, the great minds of the day were faced with an impasse.

Half a century passed before the interventions of two great scholars swung the argument in favor of Copernicus’ heliocentric theory. The first breakthrough was made in 1609 by a young German named Johannes Kepler. By one of those strange twists of irony, Kepler was a pupil of Tycho Brahe, one of the leading opponents of the Copernican order. Given the unenviable task of finding an explanation for the retrograde motion of Mars (see Fig. 1.3), Kepler was able to draw upon the excellent observational data recorded by his employer.

Brahe died in 1601, but Kepler continued to laboriously examine the problem before finally arriving at his eureka moment. The planetary orbits, he declared, were not circles but ellipses.4 Within a short time, Kepler was able to draw up the first two laws of planetary motion (see Box 1.2). His third, and probably most important law, followed in 1619.

As a result, the relative distance of each planet from the Sun could be calculated accurately. Saturn, the most remote planet known at the time, turned out to be nearly ten times further from the Sun than Earth. Since the actual distances remained unknown, the standard unit of measurement became the astronomical unit.

In the same year that Kepler discovered elliptical orbits, an Italian scientist named Galileo Galilei made a simple refracting telescope, comprising two lenses at either end of a narrow tube, and began to study the heavens. Within a short time, he had obtained visual evidence to support the theories of Copernicus and Kepler. Galileo became the first person in history to see the phases of Venus caused by its movement around the Sun. He also observed mountains and craters on the Moon, and saw the planets as disks, rather than points of light.

Most significant of all was his discovery of four star-like objects close to Jupiter. By watching their daily motions, he was able to calculate their orbital periods and show that they were Jovian moons (see Chapter 7). The discovery of the first planetary satellites (other than the Moon) supported theories that Earth was not at the center of the Universe and that everything did not revolve around our world.

Figure 1.5  In January 1610, Galileo Galilei used his simple refracting telescope to discover three “stars” aligned on either side of Jupiter. Over a period of several weeks, a fourth “star” appeared. As they shifted positions, Galileo correctly deduced that these were satellites. Occ. is the Latin abbreviation for “west” and Ori. Stands for “east.”
[image: c01f005]


Galileo’s discoveries caused a sensation, although the leaders of the Roman Catholic Church obstinately continued to support a geocentric Universe. In 1633, Galileo was brought before the Inquisition and forced to recant under threat of torture.

Newton and Gravity

The next challenge was to find an explanation for Kepler’s laws. Although Galileo conducted numerous experiments into the effects of gravity, he did not realize the full significance of his discoveries. This was left to an Englishman, Isaac Newton, who was born in 1642, the year that Galileo died.

One anecdote attributes Newton’s discovery of universal gravitation to him observing an apple falling from a tree. Whatever the truth, by 1684 Newton was able to explain planetary motions. His law of gravitation stated that all objects attract each other, and that the strength of this gravitational attraction is proportional to their mass (see Chapter 8).

Clearly, since the Sun has nearly all of the mass in the Solar System, it should pull all of the other bodies into it. Newton explained that this did not happen because their orbital velocities are just sufficient to counteract the Sun’s gravity. The result is that the planets fall towards the Sun in such a way that the curve of their fall takes them completely around it. This is sometimes known as free fall. (The same explanation, of course, applies to artificial satellites.)

Figure 1.6  (a) If a spacecraft does not accelerate to orbital velocity, it will fall back to the planet’s surface. (b) If it reaches orbital velocity, it will remain in a closed path (orbit) around the planet under free fall conditions. (c) If the spacecraft reaches escape velocity, it will be able to break free from the planet’s gravitational pull and travel to another planet. The same rules apply to planets and spacecraft in orbit around the Sun.
[image: c01f006]


 
 
 
Newton’s law also stated that the strength of gravitational attraction decreases with distance. For example, if planet A is twice as far from the Sun as planet B, then the gravitational force exerted by the Sun on planet A is one quarter that exerted on planet B. In practical terms, this means that a satellite in low Earth orbit must travel at 8 km/s, whereas the Moon only has to circle the Earth at 1 km/s in order to avoid crashing into our planet. Similarly, planets further from the Sun are able to move more slowly around their orbits than those in the inner Solar System. Newton’s law also explained why a planet’s orbital speed increased as it approached perihelion (closest point to the Sun) and slowed near aphelion (furthest point from the Sun).

From this time on the orbital mechanics of the Solar System were very well understood. With the exception of Mercury, whose orbital motion refused to obey Newton’s law (see Chapter 5), the only significant problems involved minor variations in orbits caused by gravitational interactions between the planets, particularly those involving massive Jupiter. Careful study of unexpected changes in the orbital velocity of Uranus even enabled the position of an unknown planet, Neptune, to be successfully calculated (see Chapter 11) – although there are those who consider the discovery to be pure chance.

 
 
 Box 1.1 Orbits

  The direction a spacecraft or other body travels in orbit can be prograde, when a satellite moves in the same direction as the planet (or star) rotates, or retrograde, when it goes in a direction opposite to the planet’s (or star’s) rotation. All of the planets orbit the Sun in a prograde direction – west to east or counterclockwise as observed from above the Sun’s north pole. However, many comets move in a retrograde (clockwise) direction.

  Various technical terms are used to describe the characteristics of these orbits. The time an object takes to complete one orbit is known as the orbital period. The closest point of an orbit has the prefix “peri” – hence perigee for a satellite of the Earth and perihelion for an object orbiting the Sun. (Helios = Sun) The furthest point in an orbit has the prefix “ap” – as in apogee and aphelion.

  The plane of Earth’s orbit around the Sun is called the ecliptic.The orbits of the other planets, comets and asteroids are tilted to this plane. The angle of the tilt is the orbital inclination. The inclination of a satellite’s orbit is measured with respect to the planet’s equator. Hence, an orbit directly above the equator has an inclination of 0°, while one passing over a planet’s poles has an inclination of 90°.

  A planet, asteroid or comet crosses the ecliptic twice during each orbit of the Sun. The points where an orbit crosses a plane are known as nodes. When an orbiting body crosses the ecliptic plane going north, the node is referred to as the ascending node. Going south, it is the descending node. The line that joins the ascending node and the descending node of an orbit is called the line of nodes.

  Figure. 1.7  Some important characteristics of a planet’s orbit. Here the planet is inferior, that is, closer to the Sun than Earth. Its orbit is inclined to the ecliptic – the plane of Earth’s orbit. The planet’s orbit crosses the ecliptic at two nodes – the ascending node (a) and the descending node (d). 
(After Open University)
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  One of the most important orbital, or Keplerian, elements, is the semimajor axis, the average distance of an object from its primary (planet or Sun). The shape of the orbit is described by its eccentricity, measured as a number between zero and 1. An eccentricity of zero indicates a circular orbit. A parabola has an eccentricity of 1.


 
 
 
 
What is a Planet?

In the ancient world, astronomers counted eight planets. When the Sun, Earth and Moon are removed from their list, the number of planets visible to the naked eye is reduced to five: Mercury, Venus, Mars, Jupiter and Saturn.

With the invention of the telescope, the possibility arose of finding fainter, more remote planets. The first newcomer, Uranus, was discovered far beyond the orbit of Saturn by William Herschel in 1781. The list was further increased in 1801, when Giuseppe Piazzi found Ceres in the gap between the orbits of Jupiter and Mars. Pallas, Juno and Vesta – objects in similar orbits to Ceres – were discovered between 1802 and 1807. Since they were clearly much smaller and less substantial than the other planets, they were soon downgraded to “minor planets” or “asteroids” (star-like objects).

Almost 40 years passed before the eighth planet, Neptune, was discovered by Johann Galle and Heinrich D’Arrest. However, neither Uranus nor Neptune seemed to be following its expected path, suggesting that an even more distant planet might be influencing the movements of its neighbors. The search for this world concluded in 1930 when Clyde Tombaugh recorded the tiny image of Pluto.

For many years, it was generally accepted that there were nine planets, despite growing concerns that Pluto seemed to be too small and lacking in mass to deserve this title. The crunch came in 2003, when Mike Brown discovered 2003 UB313 (now named Eris), an object that is comparable in size to Pluto. With the introduction of ever more sensitive detectors, it seemed likely that there would soon be dozens of Pluto-sized planets.

Aware that there was no generally accepted definition of the term “planet,” and faced with a fierce debate over whether Pluto should be demoted, members of the International Astronomical Union gathered in Prague for the 2006 General Assembly. After a lengthy discussion, they agreed to define a planet as a celestial body that: (a) is in orbit around the Sun, (b) has sufficient mass for its self-gravity to overcome rigid body forces so that it assumes a hydrostatic equilibrium (nearly round) shape, and (c) has cleared the neighborhood around its orbit.

Based on these criteria, the Solar System now consists of eight planets: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and Neptune. A new distinct class of objects called “dwarf planets” was also introduced. To be classified as a dwarf planet, an object must orbit the Sun and have a nearly round shape. The first dwarf planets to be announced were Ceres (the largest asteroid), Pluto and Eris, although many more are expected to be discovered in the future.

 Figure 1.8  In the “new” Solar System, as defined by the International Astronomical Union in 2006, there are eight planets: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and Neptune (see here in order of their distance from the Sun). A new, distinct class of objects called “dwarf planets” includes the largest asteroid, Ceres, and the two largest known Kuiper Belt objects, Pluto and Eris. The relative sizes of the planets and the Sun are shown. Jupiter’s diameter is about eleven times that of Earth, and the Sun’s diameter is about ten times that of Jupiter. The distances of the planets are not shown to scale. 
(IAU)
[image: c01f008]


This decision has not met with universal approval. One common criticism relates to what exactly is meant by a planet “clearing its neighborhood.” For example, critics argue that Neptune is accepted as a planet, even though many Kuiper Belt objects (including Pluto) cross its orbit. Perhaps, they suggest, it would be more appropriate to use size as a criterion, particularly bearing in mind the diameters of objects that are large enough for gravity to dominate structural strength. There is also some discomfiture with defining Ceres – the largest of the asteroids – as a dwarf planet.

Another complication arises when the current definition is extended to extrasolar planets, that is, planets orbiting other stars (see Chapter 14). Size is not a useful factor, since many of these planets are similar in size and mass to small, cool “failed stars” known as brown dwarfs. Instead, astronomers attempt to distinguish between a giant extrasolar planet and a brown dwarf by determining how they were born. A star is formed during the gravitational collapse of a gaseous nebula, whereas a planet is the product of collisions and accretion (snowball-like growth) between particles in a disk of gas and dust around a central star. Even so, this method of differentiation is difficult to apply, especially in the case of planet-sized objects that have been flung into interstellar space and no longer orbit any star.

The Solar System

Fifty years ago, the population of the Solar System included one central star, nine planets, 31 satellites and thousands of comets and asteroids. However, since the arrival of the Space Age and the development of ever more sensitive ground-based instruments, the inventory of objects has swollen remarkably. Today, the astronomical community recognizes eight planets and five dwarf planets, the tally of planetary satellites has passed 150 and the number of identified small objects is climbing rapidly as increasingly sensitive searches discover thousands of Sun-grazing comets and icy Kuiper Belt objects that orbit beyond Neptune.

In terms of numbers, the Solar System is dominated by debris, in the form of comets, asteroids, meteorites and dust. These are the left-overs from the formation of the planets, four and a half billion years ago. The main asteroid belt, between Mars and Jupiter, is populated by millions of rocky objects that are shepherded by the powerful gravity of the nearby gas giant. They are thought to represent planetesimals – small planetary building blocks – that were unable to accrete due to the gravitational interference of Jupiter.

 Table 1.1
The Planets: Relationship between solar distance and mean density.
	Planet	Distance from Sun (AU)	Mean Density (g/cm3)
	Mercury	0.3871	5.43
	Venus	0.7233	5.24
	Earth	1.0	5.52
	Mars	1.5237	3.91
	Jupiter	5.2028	1.33
	Saturn	9.5388	0.69
	Uranus	19.1914	1.29
	Neptune	30.0611	1.64

Beyond the orbit of Neptune are two more swarms of small objects, this time largely made of ice. The inner region, known as the Kuiper Belt, is where short-period comets originate. Pluto and Eris are the largest known inhabitants. The orbital periods of Kuiper Belt objects range from 200–400 years for objects such as Pluto to 1 000 years or longer for those that follow very elliptical orbits that take them far from the Sun.

The Kuiper Belt poses a serious challenge for theories of planet formation, since it contains less than one percent of the mass expected from the protosolar nebula theory. If the Kuiper Belt objects formed like the terrestrial planets, growing by accumulating smaller objects as they orbit the Sun, it would take longer than the age of the Solar System to make one KBO!

Even further out – indeed, so far that none of the objects have ever been observed – is the postulated Oort Cloud, the home of most long-period comets.

The basic characteristics of the Solar System are straightforward to describe. Close to the Sun, where temperatures are higher, there are four quite small, but dense, “terrestrial” planets that are composed of rock. Beyond Mars, where temperatures are always well below zero, is the realm of the gas giants, Jupiter and Saturn, and the ice giants, Uranus and Neptune.

The orbits of the major planets are approximately circular, and close to the ecliptic plane. All of the planets and main belt asteroids circle the Sun in the same direction – counter-clockwise as seen from above the Sun’s north pole. This is also the direction of the Sun’s rotation. However, the beautiful symmetry breaks down when it comes to the smaller, more icy members of the Solar System. Comets can arrive from any direction, and the orbits of the Kuiper Belt objects have no particular orientation, suggesting that there is a spherical swarm of these objects surrounding the Sun and major planets.

 Figure 1.9  These four panels show the scale of the Solar System as we know it today. At top left are the orbits of the inner planets and the main asteroid belt. Top right shows the orbits of the outer planets and the Kuiper Belt. Lower right shows the orbit and current location of Sedna, which travels further from the Sun than any other known object in the Solar System. Lower left shows that even Sedna’s highly elliptical orbit lies well inside the inner edge of the proposed Oort Cloud (shown in blue). This spherical cloud contains millions of icy bodies orbiting at the limits of the Sun’s gravitational pull. 
(NASA/JPL/R. Hurt, SSC-Caltech)
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Of the four inner planets, Venus and Earth both possess dense atmospheres – though they are very different in nature – while Mercury is too lightweight to have retained a substantial gaseous envelope. Whereas the most common gas on both Venus and Mars is carbon dioxide, Earth is something of an oddball, with an atmosphere dominated by nitrogen and oxygen. This latter gas can be accounted for by the fact that Earth is – as far as we know – the only abode of life in our Solar System. Satellites are rare: Earth is orbited by the Moon, while Mars has two small companions that are generally considered to be captured asteroids.

As their name suggests, the giants are characterized by their large size – tens to thousands of times bigger than Earth – and low bulk densities which can be accounted for by the dominance of hydrogen and helium in their interiors. All four of the giants have ring systems composed of dust, ice and rocky debris, and their gravitational influence is such that they retain dozens of satellites – most of them captured billions of years ago.

Since they are relatively close to the Sun, all of the terrestrial planets have high orbital velocities with periods of less than two Earth years (see Box 1.2). In contrast, their axial rotations are slow and their axial inclinations are very different.


 
 
 
 
 
 
 
Mercury’s axis is almost at right angles to its orbit. It takes 58 days to rotate once, or about two thirds of the time it takes to orbit the Sun. Venus resembles a top that has been knocked completely upside down. As a result, it rotates in a retrograde direction that takes 243 Earth days, longer than its orbital period. Earth and Mars have very similar days and seasons – at least in the present epoch – since their sidereal periods of axial rotation are both around 24 hours and both axes are inclined about 24–25° to their orbits.

 The motions of the outer planets are very different. Their large distances from the Sun require modest velocities to maintain their orbits. Orbital periods range from almost 12 years for Jupiter to about 165 years for Neptune. However, despite their swollen spheres, they all spin much faster on their axes than their terrestrial siblings, with sidereal periods in the range 10–20 hours.5 However, there is considerable variation in their axial tilts. Jupiter is almost upright, Saturn and Neptune are inclined more than Earth and Mars, while Uranus spins on its side so that the polar regions alternately point toward or away from the Sun.
Figure 1.10  In general, a planet’s surface temperature decreases with its distance from the Sun. Venus is the exception, since its dense carbon dioxide atmosphere traps infrared radiation. The runaway greenhouse effect raises its surface temperature to 467°C. Mercury’s slow rotation and thin atmosphere result in the night-side temperature being more than 500°C colder than the day-side temperature shown above. Temperatures for Jupiter, Saturn, Uranus, and Neptune are shown for an altitude in the atmosphere where pressure is equal to that at sea level on Earth. Earth lies in the center of the “habitable zone,” where water can exist as a liquid and conditions are favorable to life. 
(Lunar and Planetary Institute)
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Box 1.2 Kepler’s Laws of Planetary Motion

Johannes Kepler (1571–1630) was one of the most important characters in the story of unraveling how the Solar System works. The German-born mathematician was appointed assistant to Tycho Brahe (1546–1601), the most famous observer of the day. Granted access to Brahe’s catalog of positional data, Kepler was given the task of explaining the orbit of Mars. After four years of calculations, Kepler finally realized in 1605 that the orbits of the planets were not perfect circles, but elongated circles known as ellipses.

Whereas a circle has one central point, an ellipse has two key interior points called foci (singular: focus). The sum of the distances from the foci to any point on the ellipse is a constant. For Solar System objects, the Sun always lies at one focus (see below).

In order to draw an ellipse, place two drawing pins some distance apart and loop a piece of string around them. Place a pencil inside the string, draw the string tight and move the pencil around the pins. Now move one of the pins and repeat the process. Note how the shape of the ellipse has changed.

The amount of “stretching” or “flattening” of the ellipse is termed its eccentricity. All ellipses have eccentricities lying between zero and one. A circle may be regarded as an ellipse with zero eccentricity. As the ellipse becomes more stretched, its eccentricity approaches one.

 Figure 1.11  A circle has an eccentricity of zero. As the ellipse becomes more stretched (i.e. the foci move further apart) the eccentricity approaches one. Half of the major axis is termed the semimajor axis. The average distance of a planet from the Sun as it follows its elliptical orbit is equal to the length of the semimajor axis. The eccentricity is calculated by dividing the distance between the two foci by the length of the major axis. 
(Open University)
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In reality, most of the planets follow orbits that are only slightly elliptical. Their eccentricities are so small that they look circular at first glance. Pluto and Mercury are the main exceptions, with eccentricities exceeding 0.2.

Another key characteristic of an ellipse is its maximum width, known as the major axis. Half of the major axis is termed the semimajor axis. The average distance of a planet from the Sun as it goes around its elliptical orbit is equal to the length of the semimajor axis.

After intensive work on the implications of his discovery, Kepler eventually formulated his Three Laws of Planetary Motion.


 
 
 	Kepler’s First Law: The orbits of the planets are ellipses, with the Sun at one focus of the ellipse. (Generally, there is nothing at the other focus).

  	Kepler’s Second Law: The line joining the planet to the Sun sweeps out equal areas in equal times as the planet travels around the ellipse. In order to do so, a planet must move faster along its orbit near the Sun and more slowly when it is far away. A planet’s point of nearest approach to the Sun is termed perihelion; the furthest point from the Sun on its orbit is termed aphelion. Hence, a planet moves fastest when it is near perihelion and slowest when it is near aphelion.


	Kepler’s Third Law: The square of a planet’s sidereal (orbital) period is proportional to the cube of its mean distance (semimajor axis) from the Sun. This means that the period, or length of time a planet takes to complete one orbit around the Sun, increases rapidly with its distance from the Sun. Thus, Mercury, the innermost planet, takes only 88 days to orbit the Sun, whereas remote Pluto takes 248 years to do the same.



 Figure 1.12  Kepler’s first law states that the orbit of a planet about the Sun is an ellipse with the Sun at one focus. The other focus of the ellipse is empty. According to Kepler’s second law, the line joining a planet to the Sun sweeps out equal areas in equal times. In this diagram, the three shaded areas ABS, CDS and EFS all have equal areas. A planet takes as long to travel from A to B as from C to D and E to F. It moves most rapidly when it is nearest the Sun (at perihelion) and slowest when it is farthest from the Sun (at aphelion). 
(Kenneth R. Lang, Tufts University)
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This law can be used to make some useful, but fairly simple, calculations. For example, if the period is measured in Earth years and the distance is measured in astronomical units (AU), the law may be written in the simple form: P(years)2 = R(AU)3.

This equation may also be written as: P(years) = R(AU)3/2. Thus, if we know that Pluto’s average distance from the Sun (semimajor axis) is 39.44 AU, we can calculate that the orbital period is: P = (39.44)3/2 = 247.69 years. Similarly, if we know that Mars takes 1.88 Earth years to orbit the Sun, we can calculate that its semimajor axis is: R = (1.88)2/3 = 1.52 AU.




 Figure 1.13  A graph showing the orbital periods of the planets plotted against their semimajor axes, using a logarithmic scale. The straight line that connects the planets has a slope of 3/2, verifying Kepler’s third law which states that the squares of the orbital periods increase with the cubes of the planetary distances. This law applies to any bodies in elliptical orbits, including Jupiter’s four largest satellites (inset). 
(Kenneth R. Lang, Tufts University)
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The Birth of the Solar System – Early Ideas

The Sun, which contains over 99% of the system’s mass, completes one rotation in about 24 days. In contrast, the largest planets, Jupiter and Saturn, rotate once in about ten hours. When combined with their orbital motion, it turns out that Jupiter accounts for some 60% of the Solar System’s angular momentum, with another 25% accounted for by Saturn. This compares with about 2% for the sluggardly Sun.

Any theory of cosmogony that attempts to account for the formation of the Solar System must take into account the angular momentum of the Solar System objects, as well as the facts that all of the planets travel in the same direction and more or less in the same plane. The obvious conclusion is that they all formed in the same manner and at about the same time.

There seem to be two main possibilities: the planets were either created by material derived from the Sun or a nearby companion star, or they formed from a cloud of diffuse matter that surrounded the Sun. However, theorists have struggled for centuries to match the hypotheses to the known facts, in order to choose between them.

One of the earliest, and most successful, attempts to explain how the Solar System came about was the nebular hypothesis – the idea that the Sun and planets formed from a vast, slowly rotating disk of gas and dust. A modified version of this hypothesis is the generally accepted explanation today.

Some of the key evidence comes from modern observations of distant star systems. Today, spaceborne telescopes can peer into the hearts of giant molecular clouds, such as the Orion Nebula, and search for young, Sun-like stars that replicate the conditions that prevailed in our Solar System some 4.6 billion years ago.

These observations show that so-called protoplanetary disks, or proplyds, exist around most very young stars – those less than ten million years old. Many of the disks are larger than our Solar System. Observations of slightly older stars show how these disks evolve as time goes by, with the formation of swarms of rocky and icy debris and gaps in the clouds created by fledgling planets.

As currently envisaged, the Solar System began with the collapse of a cloud of interstellar gas. The trigger for this collapse may have been the passage of an externally generated shock wave – perhaps from a supernova explosion, density waves passing through the galaxy, or a major reduction in the cloud’s magnetic field or temperature. The first of these explanations is a prime candidate, since many stars form in clusters within clouds containing thousands of solar masses of material. When the giant stars of the cluster run through their short life spans, they are likely to produce a series of supernovas, preceded by powerful stellar winds.

 Figure 1.14  The planets formed about 4.5 billion years ago from a huge nebula – cloud of gas and dust – that surrounded the young Sun. Within a few million years, colliding particles in the nebula accreted until golf-ball-sized pebbles appeared. Further collisions caused these to increase in mass, eventually growing into the planets we see today. Some of these, further from the Sun, were able to pull in huge atmospheres of hydrogen and helium. Those in the warmer, inner regions were made of rock rather than ices and light gases. The remnants formed comets and asteroids. 
(NASA/JPL-Caltech/T. Pyle, SSC)
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Over millions of years, the original cloud may be broken up into smaller fragments, each mixed with heavier elements from the dying stars, as well as the ubiquitous hydrogen and helium gas. Once a fragment reaches a critical density, it is able to overcome the forces associated with gas pressure and begins to collapse under its own gravity.

The contracting cloud begins to rotate, slowly at first, then faster and faster – rather like when an ice skater pulls in his arms. Since material falling from above and below the plane of rotation collides at the mid-plane of the collapsing cloud, its motion is cancelled out. The cloud begins to flatten into a disk, with a bulge at the center where the protostar is forming. The disk was probably thicker at a greater distance from the protostar, where gas pressure was lower.

Such a nebula would almost certainly rotate slowly in the early stages, but as it contracts, conservation of angular momentum causes the cloud to spin faster. If this process continues, the core forming at the center of the nebula will spin up so fast that it flies apart before it has a chance to form a star. Somehow, that angular momentum must be removed before a star can form.

Studies of other young stars and their surrounding disks provide evidence that, as the interstellar gas collapses, it also winds up the magnetic field which permeates the nebula. Gas which is rotating too fast to collapse is expelled and dispersed along the magnetic field.

This process naturally forms a spiral-shaped magnetic field that helps to generate polar jets and outflows associated with very young stars. At the same time, the jets remove angular momentum, allowing other material to accrete and collapse. Gravitational instability, turbulence and tidal forces within the “lumpy” disk may also play a part, helping to transfer much of the angular momentum to the outer regions of the forming disk.

 Figure 1.15  The early stages of star and planet formation: (a) A Hubble Space Telescope (HST) view of five young stars in the Orion Nebula. Four are surrounded by gas and dust trapped in orbit as the stars formed. These are possibly protoplanetary disks, or “proplyds,” that might eventually produce planets. The bright proplyds are closest to the hottest stars of the parent star cluster, while the object farthest from the hottest stars appears dark. 
(C.R. O’Dell/Rice University; NASA)

  
 (b) This HST image shows Herbig-Haro 30, a young star surrounded by a thin, dark disk. The disk extends 64 billion km, dividing the nebula in two. The central star is hidden from direct view, but its light reflects off the upper and lower surfaces of the disk to produce the pair of reddish nebulas. Gaseous jets (green) remove material from above and below the disk and transfer angular momentum outwards.
(c) A computer simulation showing how a protoplanetary disk surrounding a young star begins to fragment and form gas giant planets with stable orbits. 

 (Mayer, Quinn, Wadsley, Stadel).
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The protoplanetary disk is heated by the infall of material. The inner regions, where the cloud is most massive, become hot enough to vaporize dust and ionize gas. As contraction continues and the cloud becomes increasingly dense, the temperature at its core reaches the point where nuclear fusion commences. The merging protostar begins to emit copious amounts of ultraviolet radiation. Radiation pressure drives away much of the nearby dust, causing the star to decouple from its nebula.

The youngster may remain in this T Tauri stage for perhaps 10 million years, after which most of the residual nebula has evaporated or been driven into interstellar space. All that remains of the original cloud is a rarefied disk of dust particles, mainly silicates and ice crystals.

Meanwhile, the seeds of the planets have begun to appear. More refractory elements condense in the warm, inner regions of the nebula, while icy grains condense in the cold outer regions. Individual grains collide and stick together, growing into centimeter-sized particles. These swirl around at different rates within the flared disk, partly due to turbulence and partly as the result of differences in the drag exerted by the gas. After a few million years, these dusty or icy golf balls accrete into kilometer-sized planetesimals and gravity becomes the dominant force.

The Solar System now resembles a shooting gallery, with objects moving at high speed in chaotic fashion and enduring frequent collisions with each other. Some of these impacts are destructive, causing the objects to shatter and generate large amounts of dust or debris. Other collisions are constructive, resulting in a snowballing process. Over time, the energy loss resulting from collisions means that construction eventually dominates.

Eventually, the system contains a relatively small number of large bodies or protoplanets. Millions of years pass as they continue to mop up material from the remnants of the solar nebula and to collide with each other, finally resulting in a population of widely separated worlds occupying stable orbits and traveling in the same direction around the young central star.

It is worth noting here that computer simulations of the early Solar System show that even the slightest differences in initial conditions can produce different planetary systems. Depending on exactly where each embryo started out, the orbital positions of new planets vary randomly from simulation to simulation. The total number of planets – and hence, their final masses – may also vary greatly. It seems that planet formation is a very chaotic process.
Box 1.3 Mass and Density

Two of the basic properties of Solar System objects are mass and density. Mass is a measure of the amount of matter in a particle or object. The standard unit of mass in the International System (SI) is the kilogram (kg). This is usually determined by measuring the object’s gravitational influence on other objects, for example, natural or artificial satellites.

Once the volume of an object is known, its bulk density can be calculated. In this book, density is usually expressed in grams per cubic centimeter (g/cm3). As a guide, the density of water is 1.0 g/cm3. Objects which have a density lower than water are able to float (assuming enough water is available!).

If a planet has a high density, it means that it is largely made of dense, rocky or metallic materials. Objects often have low densities because they contain a lot of gases or ices, but few rocky materials. This is why all of the giant planets in the Solar System have low densities, despite their huge size.

The planet with the lowest density (0.7 g/cm3) is Saturn. The reason that Saturn has such a low density is that it is mainly composed of gas, particularly hydrogen and helium. There is only a small rocky core at its center.

Other objects, including many small satellites and asteroids, have low densities because they are piles of loosely consolidated rubble or highly porous, that is, they contain numerous empty spaces.

The densities of planets are also a reflection of their size and the layering of their interiors. Earth has the highest density of all the planets in the Solar System because it is made of dense, rocky materials. At the surface, crustal rocks have densities between 2.5 and 3.5 g/cm3. However, Earth’s average density is much higher (5.5 g/cm3).

This is partly because the denser elements, such as iron and nickel, have sunk to the center of the planet, while the less dense materials have risen to the surface. Many planets were internally differentiated in this way early in their lives.

The centers of the planets are also more compressed by the weight of the overlying material. In the case of Earth, for example, the normal, uncompressed density of its rocks is about 4.4 g/cm3, but the central core is compressed to greater than normal density by the overlying layers.

More massive planets should experience greater compression at their centers, and hence higher average densities, if they are made of the same rocky and metallic materials as Earth. The opposite should apply to smaller planets. However, the smallest of the rocky planets, Mercury, actually has an average density of 5.4 g/cm3, only slightly lower than Earth’s.

Mercury’s density rises to a remarkable 5.3 g/cm3 after it has been corrected for the effects of internal compression – much higher than Earth’s. The only way to explain this is to assume that the little planet has a huge core of iron and nickel that takes up almost half of its interior (see Chapter 5).



Rocky Planets

Modeling suggests that collisions between planetesimals initially occur at low velocities, allowing them to merge and grow. At the Earth’s distance from the Sun, it takes only about 1 000 years for 1 km sized objects to grow into 100 km objects. Another 10, 000 years produces 1 000 km diameter protoplanets, which double in diameter over the next 10, 000 years. Such models indicate that Moon-sized objects can form in a little over 20, 000 years.

As planetesimals within the protosolar disk grow larger and more massive, their gravity increases, and once a few of the objects reach a size of 1 000 km, they begin to stir up the remaining smaller objects. Near encounters accelerate the smaller, asteroid-sized chunks of rock to higher and higher speeds. Eventually, they are traveling so quickly that when they collide, they pulverize each other instead of merging.

While the largest protoplanets continue to grow, the remaining rocky planetesimals grind each other into dust. Some of this dust is gathered in by the surviving planets, while much of the remainder is swept out of the Solar System when the Sun evolves into a hydrogen-burning star. (A cloud of micron-sized dust particles still exists in the ecliptic plane of the Solar System. Known as the zodiacal cloud, it is composed of silicate particles that are largely derived from collisions between main belt asteroids.)

One of the problems that has to be solved by Solar System theorists is an explanation for the silicate and metal–rich nature of the terrestrial planets and the dominance of hydrogen and helium in the outer planets. Clearly, the marked difference in composition between the inner and outer planets must be related to the materials that made up different regions of the disk.

The dense, rocky nature of the Earth and its neighbors suggests that they simply formed through the accretion of dust grains in the solar nebula. However, studies of primitive chondritic meteorites show the presence of millimeter-sized droplets (chondrules) that were once liquid.

It seems that, before they amalgamated to form the meteorites, these existed for a brief period as independent spheroids at temperatures above 1 500°C. Some chondrules seem to include other chondrules, indicative of being exposed to high temperatures on more than one occasion (see Chapter 13). The source of the heating is uncertain, although shock waves, solar heating and collisions between planetesimals have been suggested.

Laboratory experiments indicate that these molten globules were cooled very rapidly within ten million years of the collapse of the molecular cloud. The cause of such sudden cooling events remains unclear. What does seem certain is that the chondrules and dust began to stick together and grow in size, creating chunks of chondritic material. Drag from gas in the nebula encouraged the pebble-sized objects to creep inward, all the time gathering in more material.

Once a population of large planetesimals evolved, their destiny was determined largely by chance. A fast, head-on collision caused the objects to break apart. A slow, gentle encounter enabled the participants to merge into an even larger object. In this way, the terrestrial planets grew to more or less their current size over a period of some ten million years.

Box 1.4 Key Steps in the formation of rocky planets (after Kenyon and Bromley)

 1. A molecular cloud made up of gas and dust begins to collapse.

 2. A protostar begins to form at the core of the collapsing nebula.

 3. A disk-shaped nebula of orbiting dust and gas develops in the protostar’s equatorial plane.

 4. Dust grains in the disk collide and merge.

 5. Large (1 mm) dust grains fall into a thin, dusty sheet.

 6. Collisions produce planetesimals 1 meters to 1 km across.

 7. More collisions between planetesimals produce planetary embryos.

 8. Planetary embryos stir up the leftover planetesimals.

 9. Planetesimals then collide and fragment.

 10. A cascade of collisions reduces fragments to dust.

 11. Planets sweep up some of the dust.

 12. Radiation and a “wind” of charged particles from the central star remove the remaining gas and dust.


The huge amounts of kinetic energy dumped in the planets by frequent, massive impacts caused partial or total melting and the creation of magma oceans. This led to internal differentiation, with the denser elements, such as iron, sinking to the core and the lighter ones rising to the surface to create silicate crusts. Early atmospheres were generated by outgassing of volatile molecules such as water, methane, ammonia, hydrogen, nitrogen and carbon dioxide. A final heavy bombardment, which ended about 3.8 billion years ago, is clearly marked in the crater record of the Moon, and this has been applied to other planets and satellites.

Occasionally a satellite was created as the by-product of a major impact. Such is thought to be the case with Earth and its Moon. Debris from an ancient collision between the young Earth and a Mars-sized planetesimal created a ring of debris that eventually came together to form the Moon. A similar explanation has been put forward for the Pluto-Charon system (see Chapters 3 and 12).

Gas Giants and Ice Giants

In the outer reaches of the solar nebula, temperatures were low enough for ices to form. Indeed, it seems that ice particles were much more abundant than silicate dust particles. This being the case, any planetesimals born in the frigid outer zone would have resembled icy dirt balls, much like the comets we see today. Unfortunately, the main constituents of Jupiter and Saturn are hydrogen and helium, rather than water. Since temperatures in the nebula would have been too warm for these gases to condense, accretion of hydrogen and helium snowflakes cannot have occurred. Another explanation must be found.

There seem to be two possibilities. Studies of gas giant interiors suggest that Jupiter and Saturn may possess rocky cores at least as large as the Earth. It may be, therefore, that the early stages of growth of these planets resembled the accretion taking place in the inner Solar System, with the growth of massive nuclei of ice and dust. Once these became sufficiently large, about 5 to 15 times the mass of Earth, they were able to attract and hold onto even the lightest gases in the surrounding solar nebula. As their mass and gravitational grasp grew, their spheres became ever more bloated.

Alternatively, they could simply have developed as the result of large-scale gravitational instabilities in the solar nebula. Since the disk in the outer reaches contained both dust and condensed ices, there was plenty of raw material for large planets to develop and grow.

Any theory must also account for the fact that Jupiter and Saturn are huge hydrogen-helium planets, whereas Uranus and Neptune are notably smaller and composed mostly of elements that form ices: oxygen, carbon and nitrogen. If the latter pair began as icy nuclei, they must have grown quite slowly in the more rarefied conditions of the presolar nebula beyond about 15 AU. By the time they were massive enough to draw in large amounts of gas, the nebula had dissipated and the supply was cut off.

Migrating Planets

Our picture of the early Solar System is complicated by the likelihood that the giant planets migrated considerable distances before they ended up in their present positions. Such large-scale movement is supported by the discovery of numerous large, extrasolar planets that orbit within a fraction of an astronomical unit of a star.

In the case of our Solar System, this migration can be explained by the exchange of orbital momentum between giant planets and innumerable planetesimals. One current model (the Nice model) envisages a chaotic early Solar System occupied by the major planets out to a distance of about 15 AU (closer than the present orbit of Uranus). Jupiter may have been born a little farther out in the Solar System than it is today, whereas the other giants were closer to the infant Sun than at present. Beyond the planets was a region swarming with leftover planetesimals.

Whereas Jupiter was massive enough to eject large numbers of planetesimals to the outer reaches of the Solar System or out of the system altogether, the three, smaller, giants were unable to do this. Instead, they flung similar numbers of planetesimals toward the Sun and away from it. Whenever Uranus or Neptune decelerated a nearby planetesimal, causing the object to move closer to the Sun, the planet gained a tiny amount of momentum. The resultant acceleration caused it to drift away from the Sun.

Over time, after billions of such gravitational interactions, Jupiter spiraled inward a modest distance, while Saturn drifted outward. When Jupiter reached a distance of 5.3 AU and Saturn arrived at 8.3 AU, the two planets were in a 2:1 orbital resonance, so that one orbit of Saturn lasted precisely two Jupiter orbits. The repeated gravitational pull of Jupiter caused Saturn’s orbit to become much more elongated.

 Figure 1.16  According to a recent model, Saturn scattered Neptune outwards beyond Uranus into the Kuiper Belt during the epoch of planet migration. The gravitational interaction of Neptune with icy planetesimals sent billions of Kuiper Belt objects inward, towards the Sun. As a result, Neptune and Uranus migrated outward to their present orbits. Some KBOs, such as Pluto, were locked into orbital resonances with Neptune. 
(Nature).
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Saturn began to create havoc with the orbits of Uranus and Neptune, causing them to become more elliptical. They began to plow through the outer swarm of icy planetesimals, scattering billions of them in all directions. By the time the planets had cleared most of the intruders from their vicinities and the system had settled down again, Saturn had migrated out to about 9.5 AU. The effect on the outer planetary pair was even more extreme. Uranus had moved from about 13 to 19 AU, while Neptune had been catapulted from 15 to 30 AU.

Another consequence of this 500 million year long planetary reshuffle was that the remaining planetesimals, perhaps 0.1% of the original planet-building population, were relocated beyond 30 AU, where they now reside as Kuiper Belt objects.

Furthermore, the asteroid belt was also strongly perturbed during this burst of migration, adding to the sudden, massive delivery of planetesimals to the inner Solar System. As their pockmarked surfaces show, the Moon and terrestrial planets suffered heavily during this Late Heavy Bombardment, around four billion years ago.

Planetary Satellites

The Solar System contains well over 100 planetary satellites, but, as might be expected from the wide range of sizes and compositions, these seem to have arisen in several different ways.

As mentioned above, Earth’s Moon is thought to have been born during a massive, grazing collision between the young Earth and a Mars-sized planetary embryo. The mixture of debris from both objects formed a ring around the scarred Earth, eventually accreting into a large satellite.

 Figure 1.17  The most significant satellites in our Solar System are shown beside the Earth, with their correct relative sizes and colors. Ganymede and Titan are larger than Mercury and eight satellites are larger than Pluto. Earth’s Moon is the fifth largest, with a diameter of 3 476 km. Most of them are thought to have formed from a disk of gas and dust in orbit around their home planet. However Triton and many of the smallest satellites (including the moons of Mars) are thought to be captured asteroids or Kuiper Belt objects that formed elsewhere in the Solar System. Earth’s Moon and Charon (and possibly the moons of Uranus) are thought to have formed as the result of major impacts. 
(NASA)
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Other satellites may also have been created by sizeable impacts early in the Solar System’s history. For example, the Pluto-Charon system may have originated during a collision between two large, icy planetesimals over four billion years ago. Simulations show that some of the debris from the collision would be blasted into orbit around the surviving protoplanet, eventually coalescing to form Charon and several smaller satellites.

Most of the major satellites seem to have followed a less traumatic path, gradually accreting from a protoplanetary disk, much like the planets. The most obvious example is the Jovian system, with its family of four Galilean moons. The inner pair, Io and Europa, are smaller but more dense (with a higher proportion of rock) than the outer pair, ice-rich Ganymede and Callisto. All of them orbit Jupiter in the same direction and in more or less the same plane.

These characteristics can be explained if the moons were born from a spherical cloud of dust and gas being drawn inward from the solar nebula by a fledgling planet. As time went by, the cloud flattened into a disk around the protoplanetary core. This disk was hotter and denser near the center, allowing condensation and accretion of the less volatile materials. Further out, the icy volatiles could also condense and accrete to form Ganymede and Callisto.

Although the Saturnian family of satellites is dominated by planet-sized Titan, none of the members are particularly rocky, with many only slightly denser than water. Titan itself is similar in density to Ganymede and Callisto. If the proto-Saturn was surrounded by a collapsing cloud, it seems to have been only about one quarter the mass of Jupiter’s. This suggests that the cloud contained less silicate (rocky) material and more ice than its counterpart in the warmer environs of Jupiter.

Certainly, there is a general increase in size and mass moving outward from Saturn toward Titan, with a marked decrease in both properties beyond Titan. This has led theorists to suggest that Titan grew sufficiently quickly to collect much of the solid material in the disk around Saturn, leaving only a modest amount for the medium-sized satellites to accumulate.

A modified version of the accretion scenario has recently been proposed by Robin Canup and William Ward of the Southwest Research Institute. They suggested that a growing satellite’s gravity induces spiral waves in a surrounding disk of gas, primarily hydrogen. Gravitational interactions between these waves and the satellite cause the moon’s orbit to contract. This effect becomes stronger as a satellite grows, so that the bigger a satellite gets, the faster its orbit spirals inward toward the planet. They proposed that the balance between the inflow of material to the satellites and the loss of satellites through collision with the planet implies a maximum size for a satellite of a gas giant.

Numerical simulations and analytical estimates of the growth and loss of satellites showed that multiple generations of satellites were likely, with today’s satellites being the last surviving generation to form as the planet’s growth ceased and the gas disk dissipated.

The origin of the Uranian (and Neptunian) satellites is open to debate. Models suggest that the ice giants grew more slowly than their larger cousins. By the time they were large enough to gather a disk of material, most of the gas and dust had been dispersed, probably after the young Sun entered its active T Tauri phase. If the regular satellites of Uranus and Neptune could not have formed through large-scale accretion from a circumplanetary disk, how did they come about?

One idea is that the planets were larger and hotter during their accretion phase. As they subsequently cooled and contracted, they left behind a “spinout disk” from which small satellites could grow by accretion.

One complication is the fact that the Uranian satellites orbit in circles close to the planet’s equator, even though it spins on its side. Neptune’s rotation axis is also tilted quite markedly, aligned at about 30° to its orbital plane, while the orbits of its small satellites are circular and near-equatorial. This suggests that the planets were involved in major impacts early in their histories, and that the satellites were born during or after these collisions.

It may be that impacts with planet-sized objects blasted out clouds of hot material that formed orbiting disks around the ice giants. When the material cooled and condensed, the ice-rock ingredients were available for medium-sized satellites to form.

The major exception is Triton, the largest satellite of Neptune. One clue to its origin is that most of its bulk properties are very similar to those of Pluto, one of the largest known members of the Kuiper Belt. Furthermore, unlike the other Neptunian moons, it follows a retrograde path which is quite steeply inclined to the planet’s equator. This unusual orbit has led to speculation that Triton was a Kuiper Belt object that ventured too close to Neptune and was somehow captured.

The Heliosphere

The motion of superhot plasma inside the Sun generates a powerful magnetic field. The Sun’s atmosphere extends into interplanetary space through the motion of the electrically charged particles (mainly electrons and protons) of the solar wind, which streams outward in all directions at typical speeds of between 400 and 7 500 km/s. As the particles spiral around the Sun, they carve out an invisible bubble which extends outward for many billions of kilometers. Although electrically neutral atoms, cosmic rays and dust particles from interstellar space can penetrate this bubble, virtually all of the atomic particles in the heliosphere originate in the Sun itself.

The region of space in which the Sun’s magnetic field and the wind of charged particles (solar wind) dominate the interstellar medium is known as the heliosphere. The shape of the heliosphere and the distance of the heliopause are determined by three main factors: the motion of the Sun as it plows through the interstellar medium, the density of the interstellar plasma and the pressure exerted on its surroundings by the solar wind.

From theoretical studies and spacecraft observations of planetary magnetospheres and the solar wind, it is known that the density of the solar wind decreases as the inverse square of its distance from the Sun. In other words, solar wind density at 4 AU is only one quarter its density at 2 AU. The strength of the Sun’s magnetic field also weakens with distance, although at a slower rate. Eventually, the density and magnetic influence of the solar wind decrease so much that its outward motion is impeded by the sparse plasma of the interstellar medium.

The heliosphere acts like an island in a stream, causing interstellar plasma to be diverted around it. At first it was thought that the heliosphere really was spherical, but the two Voyager spacecraft, which are currently heading out of the Solar System on different paths, observed what seemed to be a “squashed” heliosheath. In this new model, the heliosphere resembled a huge wind sock or tadpole – much like a comet’s elongated tail – that is shaped by the motion of the Sun as it plows through a hot, tenuous cloud of interstellar gas and dust. Studies of the motion of nearby stars show that the Sun is traversing the cloud at a velocity of 25.5 km/s. The interstellar medium forces the solar wind to turn back and confines it within the heliosphere.

This picture had to be revised in 2009, when data from the IBEX spacecraft and the Cassini spacecraft in orbit around Saturn showed that the heliosphere is roughly spherical – perhaps like an elongated balloon – after all. Instruments on the spacecraft were used to map the intensity of the energetic neutral atoms ejected from the heliosheath as the solar wind interacts with the interstellar medium. The data showed a belt of hot, high-pressure particles where the interstellar wind flows by the heliosphere. Their distribution indicates that the heliosphere resembles a huge bubble which expands and contracts under the influence of the local interstellar magnetic field as it sweeps past.

The interaction of the heliosphere with the interstellar medium takes place in several stages. For a spacecraft traveling out of the Solar System, the first boundary to be reached is the termination shock. This is a standing shock wave where the supersonic solar wind slows dramatically from more than 100 km/s to about half that speed.

 Figure 1.18  For many years the shape of the heliosphere was thought to resemble a comet, with a blunt “head” and an elongated tail. Recent spacecraft observations suggest that it is more like an elongated balloon or bubble. In this artwork the multicolored (blue and green) bubble represents Cassini measurements of the emission of particles known as energetic neutral atoms. The first crossing into interstellar space by Voyager 1 may occur around 2017. 
(NASA-JPL/JHU-APL).
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Beyond the termination shock is a region known as the heliosheath, where particles of the solar wind and interstellar gas mix. In December 2004, Voyager 1 became the first spacecraft to cross into the heliosheath. NASA’s two Voyager spacecraft are heading out of the Solar System in different directions. Voyager 1 crossed the termination shock on December 17, 2004, becoming the first spacecraft to enter the heliosheath. Voyager 2 crossed the termination shock on August 30, 2007 – 30 years after it was launched from Florida. The Voyager 2 crossing took place almost 1.6 billion km closer to the Sun than Voyager 1’s, confirming that the outer boundary of the Solar System is curved.

Observations by the Magnetospheric Imaging Instrument (MIMI) on board Cassini show that the heliosheath is about 40 to 50 AU (6 billion to 7.5 billion km) thick. Further out is the heliopause, the boundary between the interstellar medium and the heliosphere. Beyond the heliopause, the interstellar ions flow around the heliosphere, modifying its size and shape.

Still further out, there is probably a bow shock, another shock surface where the supersonic flow of the interstellar medium is suddenly slowed as it approaches the heliosphere. All of these boundaries are thought to be moving back and forth at speeds of up to 100 km/s as the heliosphere is squeezed and released due to gusts in the solar wind and variations in the interstellar magnetic field.

The Future

The Solar System is continually evolving and changing. The collision of comet Shoemaker-Levy 9 with Jupiter in July 1994 illustrated that impacts and planetary evolution are continuing today. More significantly, the Sun is also evolving, as nuclear fusion continues to create helium from hydrogen in its core.

Since its birth, 4.54 billion years ago, the Sun has grown 30% brighter and this change will continue. Over the next 1.2 billion years, its surface temperature will increase by about 150°C and its luminosity will increase by another 10%. By this time, the oceans will have boiled away. Over the next 2 billion years, even the water vapor is lost, turning Earth into an arid planet comparable to Venus today.

Models suggest that, about 7 billion years into the future, the Sun will swell into a red giant with a diameter perhaps 200 times larger than today’s value – large enough to reach almost to Earth’s present orbit. However, an increase in the solar wind will cause up to 25% of the Sun’s mass to be blown away. This drop in mass will cause the orbits of the planets to expand outwards, so that Venus may recede to Earth’s current orbit, while Earth may lie near the present orbit of Mars. However, this outward retreat will probably be partially balanced by solar tidal drag, which will cause our planet to spiral slowly inward. The Earth’s fate will hang in the balance.

Further out, Mars will briefly become warm enough to melt its icy volatiles, leading to a temporary spell of warmth with a dense atmosphere. However, the planet’s gravity is not strong enough to maintain the situation for very long. Jupiter’s ice-rich Galilean moons will also develop thick atmospheres of water vapor, but again, these wet greenhouse conditions will only represent a short-lived Eden. On Saturn’s giant moon Titan, an ocean of liquid ammonia may survive for several hundred million years, perhaps providing a brief interlude when primitive life may evolve.

With its hydrogen now exhausted, the Sun will shrink and become 100 times less luminous as it switches to helium for its energy source. However, the process of helium to carbon fusion will only prolong its active life for a few hundred million years. As the helium becomes exhausted, the Sun will expand once more into a red giant. Riven by sudden pulsations in size, it may well consume Earth – if it still exists. One hundred million years after the second red giant phase, the Sun will eject its outer layers, forming a beautiful (from the outside!) planetary nebula. All that will be left is a tiny, extremely hot, superdense core known as a white dwarf.

The final layout of the Solar System is hard to predict, but it may be that the scorched remnants of Earth and Mars, along with the outer giants, will continue to orbit the fading dwarf star, largely undisturbed, for hundreds of billions of years.

Meanwhile, our galactic environment will also have changed dramatically. About five billion years from now, the Andromeda galaxy and our Milky Way will collide, combining to form a single, football-shaped elliptical galaxy. By then, the Sun will be an aging star nearing the red giant phase and the end of its life.

Models suggest that the Solar System likely will reside 100, 000 light-years from the center of the new galaxy – four times further than the current distance. Any human descendants observing the future sky will experience a very different view. The band of the Milky Way will be gone, replaced by a huge bulge of billions of stars.

Questions

	What did the word “planet” originally mean? Why were objects given this name?
	How many planets were recognized before the invention of the telescope?
	How many planets are recognized today? What is the current definition of a planet?
	List six characteristics of the present Solar System that any theory of Solar System formation must explain.
	Explain the main features of the nebular hypothesis that is favored by most scientists today.
	Explain three possible origins of planetary satellites. Give likely examples of each type.
	Describe the main features of the heliosphere.


Notes
1   For a time, the ancient Greeks thought there were nine planets. Venus was named both as the Evening Star (Hesperus) and the Morning Star (Phosphorus). Similarly, Mercury was thought to be two different planets – Lucifer and Hermes.
2  A Sun-centered, heliocentric model of the Universe was proposed by the Greek astronomer Aristarchus in the 3rd century BC, but it was not widely accepted.
3  A by-product of this experiment was the discovery that a pendulum swung more slowly at Cayenne than at Paris, showing that gravity is slightly weaker at the equator. Newton later used this result to show that Earth’s diameter is greatest at the equator.
4  Kepler’s task was made slightly easier by the fact that, of the five known planets, only Mercury followed a more elliptical path than Mars.
5  The sidereal period is the time a planet takes to orbit the Sun, with respect to a particular background star.
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The Sun is our nearest star, some 270, 000 times closer than the next closest stars of the Alpha Centauri system. When compared with other stars, there is nothing out of the ordinary about the Sun. However, since it accounts for more than 99% of the mass of the Solar System, the Sun is undoubtedly the dominant influence over the local galactic neighborhood. It is the Sun’s gravitational influence which holds the planets in their orbits and controls a region of space that extends in all directions for several light years.

The Sun influences every aspect of our lives, most obviously through its tremendous output of light and heat. Plants grow upward toward the Sun and soon die if the supply of light is cut off. Humans require sunlight to produce vitamin D. If sunlight is blocked by thick clouds or disappears at night, the temperature drops noticeably. In winter, when the Sun is above the horizon for shorter periods, the lower temperatures often result in frost and prolonged snow cover. If the Sun was extinguished tomorrow, Earth would soon turn into a frozen, lifeless planet, blanketed in ice.

In recent decades, space observatories have examined our nearest star in incredible detail and at many different wavelengths. Nevertheless, there are still many mysteries that remain to be unraveled, including the causes of solar flares, the mechanism that causes such extreme heating of the corona, and the origin of its eleven-year periodic cycle of surface activity.

The Birth of the Sun

The structure and evolution of Sun-like stars are quite well understood (see Chapter 1). The Sun was formed some five billion years ago in a giant cloud of dust and gas, known as a molecular cloud, located in one of the spiral arms of the Milky Way galaxy. The cloud began to contract, possibly triggered by a shock wave from a nearby supernova explosion. Over tens of millions of years, the cloud continued to collapse under its own gravitation while pulling in material from its neighborhood.

As the gas cloud shrank to a fraction of its original size, and as the central density and pressure increased, a protostar began to form, surrounded by a rotating disk, or nebula. Jets and radiation from the growing star cleared away most of the gas in the surrounding cloud. As it shrank in size, it also began to rotate much faster. If this spin up process had continued for long enough, the fledgling star would have flown apart, but it was able to shed much of its angular momentum by accumulating (accreting) slow-spinning material from a surrounding disk of gas and dust, and by ejecting fast-spinning material through two powerful bipolar jets that were shaped by the local magnetic field and formed perpendicular to the disk.

When the core of the protostar reached a temperature of 10 million degrees Celsius, hydrogen fusion caused the Sun to emit copious amounts of radiation. The remains of the accretion disk around the star eventually clumped together to form a planetary system. Today our star is approximately halfway through its life.

The Sun as a Star

The Sun is one of more than 100 billion stars in the barred spiral galaxy that we call the Milky Way. By mapping the distribution of stars in the sky, astronomers have found that it is located in the Orion Arm, a small, partial arm located between the Sagittarius and Perseus arms of our Galaxy.

The Sun lies in the main disk of the Galaxy, about 28, 000 light years from its center. This is quite a desirable location for a planetary system that supports life, far from the excessive gravitational disturbances and intense radiation that exist nearer the densely populated center. As the Galaxy rotates, it takes the Sun about 225 million years to complete one circuit, traveling at a velocity of 220 km/s. This amounts to about 20 trips over the course of its 4.5 billion year lifetime.

    Figure 2.1  The Milky Way is a spiral galaxy with a bar-shaped mass of stars at the center. The Sun lies near a small, partial arm called the Orion Arm, or Orion Spur, about 28 000 light years from the center – a little over half way towards the outer edge. 
(NASA/JPL, R. Hurt/Caltech)
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The Sun is the central star of our Solar System and by far the largest single object in the System. With a diameter of approximately 1.4 million km, it is more than 100 times wider than Earth. 1.3 million Earths would fit inside the Sun. Indeed, all of the planets combined could easily be swallowed by its enormous sphere. However, its size is modest compared with giant stars such as Betelgeuse in Orion, whose vast bulk would extend all the way to the orbit of Jupiter if it swapped places with the Sun.

The Sun’s rotation was first detected by observing the motion of sunspots in the photosphere. Evidence for its gaseous composition is provided by different rotation rates at different latitudes – on solid bodies, such as planets, all parts of the surface have the same period of rotation. At the equator, the Sun spins on its axis once every 25 days, but this increases to more than 30 days at the poles. The cause of this differential rotation is an important area of current research.

    Table 2.1 
The Sun
	Diameter	1 392 000 km = 109 Earth diameters
	Mass	1.9891 x 1030 kg = 333,000 Earth masses
	Volume	1.412 x 1033 cm3 = 1.3 million Earths
	Density	1.409 g/cm3 (water = 1)
	Temperature at the surface	5 785 K
	Temperature in the corona	>2 000 000 K
	Temperature at the centre	15 500 000 K
	Luminosity (energy output)	= 3.846 x 1033 erg/s
	Absolute magnitude	4.79
	Apparent magnitude	−26.78
	Rotation time at equator	25 days
	Rotation time at 60° latitude	29 days


    Figure 2.2  Solar rotation deduced from measurements by the Michelson Doppler Imager (MDI) instrument on SOHO. The left side shows differences in rotation speed. Red-yellow is faster than average and blue is slower than average. The light orange belts, which are moving slightly faster than their surroundings, extend to a depth of about 20 000 km. Sunspots, caused by disturbances in the solar magnetic field, tend to form at the edge of these bands. The cutaway (right) reveals rotation speed inside the Sun. The large dark red band is a massive, fast flow of hot, electrically charged gas (plasma) beneath the equator. The blue lines represent plasma flow within two huge circulation cells in the convective zone, extending to a depth of at least 26 000 km. The return flow indicated at the bottom of the convection cells has not yet been observed. 
(NASA-ESA)
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The Sun’s rotation axis is tilted about 7.25° to the pole of the ecliptic, so we see more of the solar north pole each September and more of its south pole in March. Its gaseous composition and low density result in a mass ‘only’ 333, 000 times that of Earth.

    Figure 2.3  A SOHO image of a huge prominence rising from the solar disk, with Earth shown to scale. 330 000 Earths would fit inside the Sun. 
(NASA/ESA)
[image: c02f003]


The temperature of the Sun’s visible surface (the photosphere) is a little over 6 000°C, but about 2 000 km above this region is the much hotter corona – which is usually only visible during a total solar eclipse. The temperature of the gas in the corona exceeds 2 million degrees Celsius. However, even this figure is dwarfed by solar flares, sudden releases of energy whose temperature typically reaches 10 or 20 million degrees Celsius, occasionally soaring to 100 million degrees.

The Solar Spectrum

The Sun is yellow in color, which correlates with a surface temperature of about 6 000°C, so it is classified as a yellow dwarf of spectral type G2. The visible white light of the solar spectrum can be split into many wavelengths (colors) by passing it through a raindrop or a prism. The red end of the spectrum is at a slightly longer wavelength (lower frequency) than the violet end.

    Figure 2.4  On July 14, 2000, high energy particles from a solar flare left their mark on the detectors of the SOHO spacecraft for several hours. SOHO is located about 1.5 million km from Earth, so that it can provide advance warning of solar storms heading for the planet. 
(ESA/NASA)
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However, most of the Sun’s output of electromagnetic radiation is invisible to our eyes. The first to demonstrate the existence of this invisible light was William Herschel. 19 years after he discovered the planet Uranus, Herschel made another notable breakthrough when he used a prism to split sunlight into its colors and then placed a thermometer just beyond the red end of the spectrum. Noting a higher temperature at this location, he concluded that it must be caused by the existence of “calorific rays” – now known as infrared (literally “below red”) radiation.

Subsequent studies have shown that the Sun also emits invisible electromagnetic radiation at much longer and shorter wavelengths. In 1801, Johann Ritter proved the existence of ultraviolet radiation by using a prism to create a solar spectrum and then noting how paper soaked in sodium chloride (salt solution) became darker.

In 1942, James Hey was assigned to find a solution to what seemed to be severe jamming of anti-aircraft radars by the Germans. Instead, he found that the direction of maximum interference seemed to follow the Sun. On checking with the Royal Observatory, he learned that a very active sunspot was traversing the solar disc. Hey had discovered the first radio emissions from the Sun.

Seven years later, solar X-rays were discovered using instruments on board US suborbital rockets. The earliest detectors were simply pieces of photographic film shielded from visible and ultraviolet light by foil made of beryllium or aluminum. Later flights carried more sophisticated Geiger counters. By the 1950s it was possible to confirm that the solar corona consisted of million degree plasma and that active regions on the Sun’s surface were also a source of X-rays.1

Occasionally, major outbursts on the Sun, involving the interaction of high-energy electrons, protons, and atomic nuclei, have been found to produce gamma rays – a form of electromagnetic radiation with extremely low wavelengths (high frequencies) and energies up to one million electron volts.2

Since most of the high frequency radiation is screened out by Earth’s atmosphere (fortunately for our health), studies of the high energy end of the spectrum generally require instruments to be lofted above the blanket of air, on balloons, sounding rockets or satellites.

    Figure 2.5  (a): The electromagnetic spectrum ranges from extremely short wavelength (high frequency) gamma rays to extremely long wavelength (low frequency) radio waves. The shorter wavelength radiation (gamma rays, X-rays and ultraviolet) is associated with high temperatures and high energy processes. 
(NASA)
 (b) The solar spectrum in the visible, or white light, region. Spectrograms like this split the light up into different wavelengths (colors). Dark bands superimposed on the colors are absorption lines, created when atoms in the Sun’s outer regions absorb light at certain wavelengths. These lines (sometimes called Fraunhofer lines) indicate specific ionized elements in the Sun. 
(NSO/AURA/NSF)
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Considerable information on the Sun’s composition and temperature can be obtained by spreading out the visible spectrum in a spectrograph. By passing light through a series of fine slits or a diffraction grating, it is possible to see hundreds of black lines in the spectrum. These are called absorption lines because they are created when different ionized atoms in the solar atmosphere absorb light at certain wavelengths.3 The wavelength of each line indicates a specific ionized element in the Sun, while the darkness of each line shows its relative abundance.

This spectral fingerprinting makes it possible to unravel the chemical composition of the solar atmosphere. It turns out that the Sun is mainly composed of the two lightest elements, hydrogen and helium – both of which are rare on Earth. 71% of the Sun (by mass) consists of hydrogen, although this element actually accounts for 92% of the atoms in the Sun. Helium, the second most abundant element in the Sun is so rare on Earth that it was first discovered by studying the solar spectrum during the eclipse of 1868. Helium accounts for 27% of the Sun’s mass and 7.8% of its atoms. This means that heavier elements make up only 0.1% of the atoms in the Sun.

Oxygen, carbon, and nitrogen are the three most abundant ‘metals’, that is, elements heavier than helium. The Sun also has traces of neon, sodium, magnesium, aluminum, silicon, phosphorus, sulfur, potassium, and iron. Altogether some 67 elements have been detected in the solar spectrum.

Nuclear Fusion

Until the early 20th century, the source of the Sun’s heat and light was unknown. Although the extreme conditions in the Sun’s core were recognized by 1870, there was still no known physical process that could account for the solar furnace. For example, heat from the gravitational collapse of the Sun would only be sufficient to keep it shining for some fifteen million years.

The explanation eventually came after a series of breakthroughs at the Cavendish Laboratory in Cambridge, England, and elsewhere. In 1905, Albert Einstein published his famous equation E = mc2, which basically states that a small quantity of mass is equivalent to a very large amount of energy. The release of energy is always associated with a reduction in mass.

By 1911, Ernest Rutherford had shown that the atom comprised a tiny nucleus which was surrounded by particles called electrons. The nucleus itself was eventually found to be composed of other particles – protons and neutrons. Nuclear reactions not only involved shifts in proton-neutron combinations, which released much greater amounts of energy than any chemical reactions, but they were also the cause of radioactivity – particles which are emitted from nuclei as a result of nuclear instability.

By the 1920s, Francis Aston was able to demonstrate that the mass of the helium atom is slightly smaller than the mass of the four hydrogen atoms (protons) from which it is formed. By now, it was known from laboratory experiments that some elements could be transformed into other elements. Arthur Eddington put together the pieces of the puzzle by proposing that stars such as the Sun were crucibles inside which hydrogen was transformed into helium. This transformation, he suggested, was the source of their energy.

The subsequent confirmation that hydrogen is the most abundant element in the Sun supported the idea that hydrogen nuclei (protons) are fused together deep inside the Sun. With the development of first the atomic (fission) bomb (1945), and then the hydrogen (fusion) bomb (1952), there could be no doubt that nuclear reactions produce vast amounts of radiation and energy.

According to the most generally accepted current theory, the Sun’s energy output is the result of a series of nuclear fusion reactions, the most dominant of which is known as the proton-proton or pp chain. These reactions take place in the central core.

In the first stage of the pp chain reaction, two positively charged protons collide with enough energy to overcome the repulsive electrical force between them, uniting to form a deuteron. However, since a deuteron comprises a single proton and a single neutron, one of the protons must be transformed into a neutron by emitting a positively charged particle, known as a positron, along with a low energy neutrino. Some of the energy liberated during this reaction is converted into radiation when the positron collides with an electron.

    Figure 2.6  The proton-proton chain reaction has three stages. During this nuclear process, four hydrogen nuclei (protons) are united to create a helium nucleus. However, two of the protons have to be changed into neutrons. This is because a helium nucleus comprises two protons and two neutrons. This proton transformation is made possible by the release of a positively charged anti-particle called a positron, leaving behind the neutral (chargeless) neutron. Gamma radiation is also released during this collision process. 
(UCAR-Randy Russell)
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The second stage occurs less than a second later, when the deuteron collides with another proton to form a nucleus of light helium (helium-3), while releasing a gamma ray. Finally, two helium-3 nuclei meet and fuse to form a nucleus of normal helium. When this occurs, two protons are returned to the surrounding gas. This leaves a helium nucleus comprising two protons and two neutrons.

The entire process may take more than a million years, on average, but the sheer number of reactions that occur each second inside the Sun has a remarkable multiplier effect. Roughly 10 trillion trillion trillion helium nuclei are created every second, resulting in a reduction in the Sun’s mass of five million tons per second. This seems an incredible amount, but the loss is insignificant compared with the Sun’s total mass of two thousand trillion trillion tons. Since the helium nucleus is only 0.7% lighter than its original components, the Sun has actually lost only a few hundredths of one percent of its mass during its five billion year history.

More serious is the rate of conversion of hydrogen into helium. About 600 million tons of hydrogen are transformed into helium each second in the Sun’s core. Over its lifetime, approximately 37% of the hydrogen has already been converted into helium. After another five billion years of chain reactions, our star will run out of hydrogen and require a new source of fuel.

The Structure of the Sun

Although the Sun is a giant ball made almost entirely of plasma, it is not uniform throughout. Models of the solar interior, based on a combination of theoretical studies and observations, show a layered structure, with two main spherical shells surrounding a high density core.

    Table 2.2 
Internal Zones of the Sun
[image: c02t0280fxh]Each of the regions has different physical characteristics. The core, the innermost 25%, is where the Sun’s energy is generated. This energy diffuses outward in the form of radiation (mostly gamma rays and X-rays) through the radiative zone, then continues upward by convective fluid motion through the convection zone, the outermost 30%. A thin interface layer (the tachocline) between the radiative zone and the convection zone is where the Sun’s magnetic field is thought to be generated.

Radiation takes over again in the thin, visible surface layer – the photosphere. Above the photosphere are the chromosphere and the corona. They make up the Sun’s sparse, but extremely hot, atmosphere, which makes such spectacular viewing during total solar eclipses. This atmosphere is molded and modified by ever-changing magnetic fields and electrical currents. The moving currents and the rotation of the Sun result in a complex magnetic structure, whose strength varies and whose polarity changes in roughly eleven-year cycles.

Relatively empty zones in the corona, known as coronal holes, often occur near the Sun’s poles. Sometimes they spread towards the equator or even stretch all the way from pole to pole. They are particularly prominent at times of solar minimum. Since the magnetic fields in these holes are radially aligned to surface, rather than curving back to the Sun, they offer an escape route for the charged particles in the high speed solar wind.

The Core and the Radiative Zone

In the core, gas is squashed by the pressure of the overlying material, so that it occupies a much smaller volume. At the very center, the Sun’s density is about 150 g/cm3, 10 times greater than that of solid lead, and the temperature soars to more than 15, 000, 000°C. As described above, nuclear reactions in the core consume hydrogen to form helium.

Both the temperature and the density decrease with distance from the center, so that nuclear fusion more or less ceases beyond the outer edge of the core (about 25% of the distance to the surface or 175, 000 km from the center). At that point the temperature is only half its central value and the density drops to about 20 g/cm3.

    Figure 2.7  At the center of the Sun is an extremely dense core, where the temperature reaches fifteen million degrees Celsius. The core accounts for 2% of the Sun’s volume but 60% of its mass. Energy generated during nuclear reactions in the core travels to the surface through the radiative and convective zones. The radiative zone lies between about 25% and 70% of the distance from the center. The convective zone extends to just below the surface. In this region, the reduction in temperature toward the surface is so rapid that the gas becomes unstable, allowing convection currents of rising and falling plasma to dominate. 
(NASA)
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The incredibly high temperature is a major factor in preventing the Sun from collapsing under its own gravity. Hydrogen nuclei near the centre collide more frequently and at higher speeds than anywhere else in the Sun, so they exert a greater outward push against the overlying material. In addition to this gas pressure, the colliding particles also emit electromagnetic radiation which slowly escapes toward the surface, further helping to inflate the solar sphere. This latter force is called radiation pressure.

The main mechanism of energy transport in the inner 70% of the Sun is electromagnetic radiation in the form of photons which exhibit both wave-like and particle-like properties.

Although gamma ray photons are produced in the core, the photons that emerge from the Sun’s surface are mainly in the form of visible light.

Each photon generated in the core travels only a very short distance before it encounters another particle. The photon is then scattered or absorbed, and then re-emitted. The photons produced by these encounters may emerge in any direction, so their zig-zag progress toward the surface via innumerable collisions may take hundreds of thousands of years.

As the photons diffuse outward, they move into regions where the plasma is cooler. As a result, they collide with electrons or ions that are generally moving at slower speeds, and the overall energy of the photon population is gradually reduced.

Above the core is the radiative zone, the Sun’s largest internal “shell”, which reaches out to 70% of the star’s diameter. In this zone, energy from the core is transported by radiation, From the bottom to the top of the radiative zone, the density drops from 20 g/cm3 (about the density of gold) to only 0.2 g/cm3 (much less than the density of water). Meanwhile, the temperature falls from 7, 000, 000° C to about 2, 000, 000° C over the same distance.

The Interface Layer (Tachocline)

Between the radiative zone and the outer convective zone is a relatively thin transition region, known as the interface layer, or tachocline. There, the stable conditions of the radiative zone gradually disappear, to be replaced by the more turbulent fluid motions found in the convection zone.

Although it is extremely difficult to investigate conditions at such depth within the Sun, recent investigations indicate that the Sun’s magnetic field is generated by a dynamo effect in this layer. Shear flows – changes in fluid flow velocities across the layer – stretch and increase the strength of magnetic field lines of force. There also seem to be sudden changes in chemical composition across the tachocline. Variations in temperature and pressure, originating in the tachocline and spreading into the convection zone through the transport of heat, may also be the key to differences in the rate of rotation of the Sun’s surface.

The Convective Zone

Above the tachocline is the convective zone, which makes up the outer 30% of the solar sphere. The convective zone extends from a depth of about 200, 000 km all the way to the visible surface. At the base of the convection zone the temperature is about 2, 000, 000°C, but this decreases to about 6 000°C at the surface, where the density is only 0.0000002 gm/cm3 (about 1/10, 000th the density of air at sea level).

As its name suggests, energy is transported within this zone by convection – the turbulent motion resulting from hot gas rising toward the surface and cooler gas sinking back toward the center.

Although, to us, the temperature in the lower convective zone seems incredibly high, gas in the convective zone is actually cool enough for the heavier ions (such as iron, carbon, nitrogen, calcium and oxygen) to hold on to some of their electrons. This means that the material is more opaque, making it harder for radiation to travel through.

Heat trapped in the lower part of the convective zone makes the plasma unstable, so that it starts to boil or convect. The hotter, less dense, material starts to bubble up from below, and continues to rise as long as its temperature exceeds that of its surroundings. These convective motions carry heat quite rapidly to the surface, although the gas expands and cools as it rises. On the surface the convection can be seen in the form of granulation and supergranulation, creating a carpet of gaseous cells that rise and fall like bubbles in boiling liquid.

Helioseismic observations by the MDI instrument on the SOHO spacecraft have also revealed two huge circulation cells within the convective zone, probably extending to a depth of at least 26, 000 km (4% of the solar radius). Plasma near the surface flows from the equator to the poles at a speed of 10–20 m/s, very slow compared to random motions at the surface of around 1 km/s. Models suggest that there is a return flow at the bottom of the convection zone, though this has not yet been observed. Since the plasma density is much higher at depth, this flow toward the equator must be much slower, perhaps 1–2 m/s. At this rate, it would take about 20 years for material to travel from the polar regions to the equator (see Fig. 2.29).

Helioseismology

Although direct study of its interior is impossible, insights into the conditions – temperature, composition and motions of gas – within the Sun may be gained by observing oscillating waves, rhythmic inward and outward motions of its visible surface. The study of these solar oscillations is called helioseismology. In many ways, it resembles the study of seismic waves generated by earthquakes to learn about the Earth’s interior.

The complex pattern of periodic throbbing motions appears on the surface due to acoustic (sound) waves that are trapped inside the Sun. Although they cannot be observed with the naked eye, the tiny motions can be detected as subtle shifts in the wavelength of the spectral absorption lines. A region that is rising displays a shortening in wavelength which causes a small blue shift. Sinking columns are slightly redshifted. Images showing the overall pattern of these spectral shifts are known as Dopplergrams.

The movements are also visible as minuscule variations in the Sun’s light output. Based on shifts in specific spectral lines, the helioseismic images reveal millions of vertical, gaseous motions generated by sound waves all over the photosphere. The most intense of these are low frequency waves that oscillate on a time scale of about 5 minutes, coinciding with velocities of 0.5 km/s. However, the overall pattern is extremely complex – the result of millions of oscillations, both large and small – that simultaneously resonate with periods ranging from a few minutes to one hour. Motions as slow as a few millimeters per second have been detected, but they may also be remarkably long-lived, persisting for up to one year.

Although observations of the Sun from any single location on Earth (except the poles) are generally limited in duration due to the planet’s rotation, a worldwide network of observatories known as the Global Oscillation Network Group (GONG) has been set up to enable 24 hour helioseismic studies. Meanwhile, spacecraft such as SOHO have an uninterrupted view of the Sun from orbit.

    Figure 2.8  A computer representation of one of nearly ten million modes of sound wave oscillations of the Sun, showing receding regions in red and approaching regions in blue. By measuring the frequencies of many such modes and using theoretical models – a technique known as helioseismology – it is possible to infer a great deal about the Sun’s internal structure and dynamics. Such oscillations are measured by the ground-based Global Oscillation Network Group (GONG), as well as orbiting observatories such as SOHO. 
(NSO/AURA/NSF)
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It turns out that the entire Sun is ringing like a bell, with global oscillations that may continue for weeks. Each of the 10 million sound waves reverberates around the interior before it reaches the surface. Waves of different frequencies descend to different depths. On their return journey, they are influenced by changes in temperature, density and composition, just like seismic waves inside Earth.

The lower-pitched waves, with a frequency of about 3 MHz (a five minute period), have been used to probe the solar interior and even to make images of the far side of the Sun, when they give advance warning of flares and active regions before they appear around the limb and start to impact Earth. One of the most significant results has been the recognition of a small change in sound speed at a radial distance from the center of 71.3%, marking the lower boundary of the convection zone. Measurements of the speed of the waves indicate a helium composition of 23–26% in the convection zone – consistent with other calculations of helium abundance.
Box 2.1 Solar Eclipses

Observation of the Sun usually requires specialized equipment and proper eye protection. However, there are rare occasions when anyone can stare at the Sun (or at least its outer regions) for several minutes without any protection. These spectacular apparitions are total solar eclipses.


    
    Figure 2.9  Once every four weeks, the Moon moves between the Sun and Earth. This is the lunar phase known as new Moon. Occasionally, the Moon passes precisely in front of the Sun, so that its shadow (the umbra) just reaches Earth. This results in a total solar eclipse for anyone located within the umbra. As the shadow travels across the surface of the rotating Earth, it traces a narrow path of totality, where the Sun’s disk is hidden from view for up to 7½ minutes. 
(ESA)
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    Solar eclipses occur when the Moon passes directly in front of the Sun, covering its disk. This is possible because of a mathematical coincidence: the diameter of the Sun is some 400 times greater than the Moon’s diameter, but, at this particular epoch of time, the Moon is approximately 400 times closer to Earth than the Sun.


    
    Figure 2.10  The total solar eclipse of July 11, 1991 – photographed in red light from Mauna Loa, Hawaii. It shows an active Sun shortly after the solar maximum of late 1989. In addition to the bright coronal streamers, a red, hook-shaped prominence is visible (upper right), with a much smaller prominence at lower right. The bright inner corona has been suppressed to show the faint streamers of the outer corona. 
(High Altitude Observatory / Rhodes College)
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Solar eclipses can only happen at the time of new Moon. If the Moon travels directly between the Sun and Earth, it is clear that our planet will pass through the lunar shadow and an eclipse will occur. However, such alignments do not take place every four weeks, partly because the plane of the Moon’s orbit is inclined around 5° to the plane of Earth’s orbit (see Chapter 4). Moreover, although the Moon crosses the plane of Earth’s orbit twice every four weeks, one of these intersection points (nodes) must intersect a line joining the Sun and Earth for a solar eclipse to occur.

This means that, although the Moon passes between the Sun and Earth during each new Moon phase, the objects are usually not precisely aligned. As a result, there are only two to five total eclipses per year, when the Moon completely covers the Sun’s disk.

At such times, the Moon’s cone-shaped shadow (the umbra) stretches across space and grazes the Earth. For an observer situated inside the umbra, the eclipse is total. For someone located in the outer part of the shadow (the penumbra), only part of the Sun is masked, so the eclipse is partial.


As the planet rotates, the tip of the umbra travels over the surface at about 1 600 km/h, tracing a path no more than 270 km wide. Within the path of totality the sky goes dark, enabling the stars and planets to appear for up to 7½ minutes.4

Just before the Moon completely covers the photosphere, the Sun’s light shines through gaps in lunar mountains to produce a glittering “diamond ring” effect. As totality sets in, the normally invisible solar atmosphere – the corona – appears as a pearl-white ring around the black Moon. (The corona is not usually visible in daylight because its luminosity is only about one millionth that of the photosphere.) A number of reddish, flame-like prominences may rise above the lunar limb, held in place by powerful magnetic fields.

The visible structure of the corona is related to the density of electrons in the solar atmosphere that are available to reflect light from the photosphere. Its appearance varies considerably. Near times of solar maximum, when sunspots are most numerous, the corona displays numerous bright “helmet” streamers that emanate all around the solar disk. When the Sun is less active, these streamers are fewer in number, and often missing altogether from the polar regions.

    Figure 2.11  The Moon’s shadow consists of two cone-shaped areas, known as the umbra and the penumbra. For an observer standing within the umbra, the eclipse is total. If Earth is slightly further away from the Moon, the outer part of the solar disk is not covered and the eclipse is annular (ring-like). For an observer standing in the penumbra, only part of the Sun is masked: the eclipse is partial. 
(ESA)
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Sometimes, when the Moon is near its apogee, the lunar disk does not completely cover the Sun. During such an annular eclipse, the Moon’s shadow does not reach Earth, so the dark circle of the Moon is surrounded by a bright ring of the Sun’s surface. (Annular comes from annulus, the Latin word for ring.) Annular eclipses are slightly more frequent than total eclipses.

Partial eclipses are seen over a much larger area than total eclipses, so they are much more frequent in any given location on Earth. At these times, only part of the Sun is covered by the Moon, resembling a bite taken out of its disk.



The Photosphere

The photosphere is the Sun’s visible surface, the region with which we are most familiar. This gaseous layer is only about 100 km deep – extremely thin compared to the 700, 000 km radius of the Sun. It appears darker towards the limb, or edge of the visible disk. This limb darkening is the result of looking at the cooler and dimmer regions of the solar disk, whereas the observer looks straight down toward the hotter, brighter regions in the center of the disk.

With a temperature of only 5 700°C, the photosphere is cool enough for molecules to form, so it mostly consists of neutral (not ionized) gas. Most of the spectral Fraunhofer lines are formed here.

The most easily recognized features in the photosphere are dark sunspots, which occur singly or in groups. They grow and then fade over days or weeks. However, for reasons not yet understood, the sunspots increase in overall number, decrease and then return to a peak every eleven years or so. This is called the sunspot cycle.

    Figure 2.12  A detailed view of convection cells, or granulation, in the photosphere, taken by Japan’s Hinode spacecraft. The lighter areas show where gas is rising from below, while the darker, intergranular lanes reveal where cooler gases are sinking. 
(JAXA/NASA/PPARC)
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Convectional cells, found all over the photosphere, are marked by small, cell-like granules. About 1 000 km across, they show where gas is rising, cooling and then sinking. Like a pan of boiling water, the granules are short-lived, lasting for only about 20 minutes before they are replaced by new, upwelling cells. The flow of gas within the granules can reach speeds exceeding 7 km/s, producing sonic “booms” and other noise that generates surface waves.

By measuring the Doppler effect in the solar spectrum, it is possible to measure the motion of material in the photosphere. The measurements show that much larger scale convectional motion occurs over the entire photosphere, creating supergranules about 35, 000 km across. Individual supergranules survive for a day or two and have flow speeds of about 0.5 km/s.

Also visible are small, bright regions, known as faculae, which are often associated with sunspots. Faculae occur where strong magnetic fields greatly reduce the local density of the gas. The low density makes it nearly transparent, so the lower levels of granules are more easily visible. At these deeper layers, the gas is hotter and radiates more strongly, explaining the brightening.

The Chromosphere


The chromosphere (literally “color-sphere”) is an irregular layer, about 5 000 km thick, which lies above the photosphere. It is named after the reddish prominences which can be seen arcing above the Sun during a solar eclipse. In this region, the temperature rises from 6 000°C to about 20, 000°C, possibly due to turbulence and the action of shock waves.5 At these higher temperatures hydrogen emits reddish light known as H-alpha (Hα) emission.

    
    Figure 2.13  Two giant prominences rising from the chromosphere on March 18, 2003. The shape of the plasma structures is molded by the local magnetic field lines. The loops rose to an altitude equal to twenty Earth diameters in a few hours, and may have been associated with a flare and coronal mass ejection. The SOHO image was taken in extreme ultraviolet light. 
(EIT consortium, ESA/NASA)
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When the Sun is viewed through a spectrograph or a filter that isolates the hydrogen-alpha light, many new features become visible. Huge prominences which tower above the limb are shaped by local magnetic fields, often forming loops and arcs many times bigger than Earth. When they occur above the main solar disk, these dense, gaseous tongues look very different. Instead of red eruptions, they appear as dark, thread-like features, so they are known as filaments. Both filaments and prominences can erupt to considerable heights over the course of a few minutes or hours.

    Locally concentrated magnetic fields are also associated with plage (French for “beach”), bright patches surrounding sunspots that are best seen in H-alpha light. Plage also form part of the network of brighter regions that make up the chromospheric network. Once again, concentrated magnetic fields produced by fluid motions in the supergranules result in a patchwork that outlines the giant convectional cells. The network is best seen in H-alpha and the ultraviolet spectral line of calcium (Ca II K).
Figure 2.14  Taken by Hinode’s Solar Optical Telescope on November 11, 2006 – this image reveals fine scale structure in the chromosphere that extends outward from the top of the convection cells, or granulation, of the photosphere. The structure results from the interaction of hot, ionized gas with the magnetic field. 
(JAXA/NASA)
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Spicules

Recent images taken by Japan’s Hinode spacecraft have revealed a fine structure comprising hot, ionized gas which extends up from the surface granulation toward the corona. This escaping gas can also be seen in numerous jets known as spicules.

Spicules are small jets of plasma that are propelled upward from the photosphere at speeds of up to 90, 000 km/h. They are less than 600 km in diameter, but soar to heights of 5 000 km, extending to the chromosphere’s outer boundary in only a few minutes. Although each jet is short-lived, usually plunging back towards the surface, they often reform in the same spot every five minutes or so. This five minute periodicity is not a coincidence, since the surface of the Sun oscillates with the same period. There are over 100, 000 spicules at any one time in the chromosphere.

    Figure 2.15  The Sun’s magnetic field allows the release of wave energy from its interior. Magnetic windows, associated with strong knots in the magnetic field, allow these sound waves to leak out, so that they travel upward into the chromosphere through thin fountains of hot gas, or “spicules.” 
(Zina Deretsky, National Science Foundation)
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Spicules almost always occur very close to swarms of small magnetic flux tubes, where the magnetic field is highly concentrated. If the flux tube is inclined, rather than vertical, the dominant five minute acoustic waves (see helioseismology) can leak all the way up into the atmosphere. When they encounter lower densities of plasma, the waves grow exponentially with height and develop into shock waves. These shock waves then drive mass and energy upwards to create a supersonic jet of plasma: a spicule is formed.

    Figure 2.16  This view of the chromosphere – taken with the Swedish 1 m Solar Telescope on June 16, 2003 – shows an active region (left). The right half of the image is dominated by short, dark features, called spicules. These jets of plasma are shooting upwards at speeds of around 48 000 km/h. The spicules are about 480 km in diameter, and 3 200 to 8 000 km in length. The image was taken in H-alpha light. 
(Swedish Solar Telescope/Lockheed Martin Solar and Astrophysics Laboratory)
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The spicules may reach temperatures of more than 11, 000°C, and deliver huge amounts of energy and material into the corona, some of which is likely ejected into space in the form of the solar wind. They have been proposed as one of the mechanisms for superheating the corona (see below).

The Transition Region

The transition region is a thin, very irregular layer that separates the chromosphere from the much hotter corona. In this region, the temperature increases rapidly from about 20, 000°C to 1, 000, 000°C. At such high temperatures, hydrogen atoms are ionized (stripped of one or more electrons), making them difficult to see. Instead of hydrogen, the light emitted by this region is dominated by carbon, oxygen, and silicon ions. These charged particles emit ultraviolet light, so they can only be observed by spacecraft such as SOHO and TRACE.

The Corona

The corona is the Sun’s outer atmosphere. It is extremely hot, with a temperature of about two million degrees Celsius, but the density of its plasma is quite low, so the corona is not very bright. Until the introduction of the coronagraph in 1930, it could only be seen during total eclipses of the Sun.6

The corona displays a variety of transient features, including streamers, plumes, and loops, as well as huge eruptions known as coronal mass ejections. The overall shape of the corona also changes during the 11-year sunspot cycle. Dark coronal holes are visible in UV and X-ray images of the polar regions, often extending toward the Sun’s equator during times of solar minimum (see Fig. 2.19). These holes are associated with “open” magnetic field lines which allow the high speed solar wind to escape into space. Long, thin streamers known as polar plumes also project outward along the open magnetic field lines at the poles.

    Figure 2.17  A complex series of coronal loops seen in ultraviolet light by the TRACE spacecraft. Shaped by magnetic field lines, the loops extend 120 000 km above the photosphere. 
(NASA)
[image: c02f017]


Coronal loops are another common feature, sometimes rising over a million kilometers above the photosphere. These are flows of trapped plasma moving along “alleys” in the arch-shaped magnetic fields of the corona at speeds up to 320, 000 km/h. One explanation is that the flows are caused by uneven heating at either extremity of a loop, with plasma racing from the hotter end to the cooler end. The reason for such heating remains uncertain (see below).

Observations of the corona’s visible spectrum in the late 19th century revealed mysterious, bright emission lines at wavelengths that did not correspond to any known elements. The true nature of the corona was revealed in 1939, when it was shown that the lines were produced by highly ionized iron and calcium. Such strong ionization could only happen in an environment where temperatures exceed 1, 000, 000°C. At these temperatures, both hydrogen and helium (the two dominant elements) are completely stripped of their electrons. Even the less common solar constituents, such as carbon, oxygen and nitrogen, are reduced to bare nuclei. Only the heavier elements are able to retain a few of their electrons.

The corona’s high temperature means that it emits energy mainly at ultraviolet and X-ray wavelengths. Many active regions, flares and other coronal features are clearly visible in X-ray images taken by satellites such as Yohkoh, SOHO, TRACE and Hinode.

Coronal Heating

Why is the corona hundreds of times hotter than the photosphere? Since it is physically impossible to transfer thermal energy from the cooler surface to the much hotter corona, the mechanism for such intense heating has intrigued scientists for many years. However, there is now a general consensus that the Sun’s localized, highly variable and intense magnetic fields are the cause.

Observations show that coronal heating is more intense in regions with stronger magnetic fields. It is also generally accepted that the origin of coronal heating and activity probably lies in the photosphere and the underlying convective zone. Since convection causes rapid, turbulent motion of the gases in the photosphere, the magnetic field lines emerging from the surface are bent or mixed. This may result in the creation of waves along the magnetic field lines, or the formation of magnetic discontinuities and reconnections in the corona.

    Figure 2.18  A false color image of the corona, made from three exposures taken by SOHO. Blue shows plasma at a temperature of 1–1.5 million degrees Celsius, green 1.5–2 million degrees, and red hotter than 2.5 million degrees. A dark coronal hole is visible at upper right. 
(NASA-ESA)
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Several physical processes have been proposed to explain coronal heating. One is “wave-heating”, involving waves in the gas that propagate along the magnetic field lines and then dissipate in the corona.7 Another is “microflare heating”, when a great number of extremely small-scale flares dissipate magnetic energy in the corona through a process called magnetic reconnection. This occurs when magnetic field lines behave rather like rubber bands, snapping and then reconnecting with lines of opposite polarity.

A third candidate is spicules – fountain-like jets of plasma that emanate from the chromosphere. Some fast-moving spicules reach temperatures of more than 1 million degrees, and cause a brightening of the corona. If even some of that super hot plasma stays aloft it would make a contribution to coronal heating.

High resolution X-ray imaging has revealed the presence of numerous, relatively small explosions, called microflares or nanoflares. These sudden bursts of energy occur within coronal loops – thin magnetic tubes filled with very hot plasma that arch high above the surface. Although they are so small that they cannot be studied individually, so many erupt at the same time that their combined effect is quite dramatic.

Nanoflares are associated with the build-up of considerable magnetic stress due to random shaking of the magnetic field lines that are rooted in the solar interior. In this scenario, energy is released through the reconnection of neighboring magnetic field lines with locally opposite polarity. This violent release of energy creates two jets of material at the reconnection site which are accelerated and repelled by the reconnected and highly curved magnetic field lines.

The Hinode spacecraft has measured plasma in active regions with temperatures so high that they can only be produced by impulsive energy bursts associated with storms of nanoflares.

Models based on the nanoflare theory suggest that the plasma strands within coronal loops are confined by magnetic field lines. When a nanoflare occurs, a low-temperature, low-density strand is rapidly heated to around 10 million degrees Celsius. Heat flows from the hot, upper part of the strand toward the base of the coronal loop, where conditions are cooler. Since the plasma at the base is denser, the heat input is only sufficient to raise its temperature to about one million degrees. This dense plasma then expands upward along the strand. Each coronal loop is, therefore, a collection of faint, 5 to 10 million degree strands and bright, one million degree strands.

Although it seems that these processes play an important, and perhaps dominant, role in coronal heating, there is still some doubt over whether the amount of energy released by the nanoflares is sufficient to heat the corona.

    Figure 2.19 The twist applied to magnetic field lines in the corona induces an upward-moving Alfvén wave which carries enough energy to heat the sparse plasma in the corona. 
(Queen’s University Belfast)
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Data from Hinode and NASA’s Solar Dynamics Observatory indicate that a special kind of magnetic wave, known as Alfvén waves, may account for much of the coronal heating.8 These waves travel at very high speeds along the magnetic field lines that extend from the photosphere and into the corona. However, observations have shown that short-lived spicules which shoot upward from the chromosphere wiggle sideways up to 1 000 km while they form. Advanced computer simulations suggest that these movements are caused by lateral motion of the magnetic field in the Alfvén waves.

Hinode images have also shown oscillations within solar prominences – large structures of relatively cool plasma that rise through the corona. These oscillations are widely thought to be caused by Alfvén waves propagating along the threads at speeds of about 20 km/s. Like waves crashing on a beach, they dump their energy in the corona, heating the plasma to millions of degrees.

The Magnetic Sun

Magnetism is the key to understanding the Sun. This is because it is mostly composed of plasma, an electrically conducting gas in which the atomic nuclei have been almost entirely stripped of their electrons. The flow of electrically charged ions and electrons in the plasma is readily deflected by local magnetic fields. This is particularly noticeable in the corona, where the gases are extremely rarefied and thus easily shaped by magnetism, rather than gravity.

Observations of the photosphere’s magnetic field are made by measuring the splitting of spectral absorption lines (known as the Zeeman effect) and the polarization of light. Various techniques are then used to determine both the strength and the direction of the magnetic field. These magnetic field observations can then be compared with the observed structures in the Sun’s outer regions.

The Sun’s magnetic field, like Earth’s, resembles that of a bar magnet surrounded by a dipole field (i.e. it has two magnetic poles). The field flows out of the Sun at the north pole, and re-enters at the south pole. Usually, the magnetic axis roughly coincides with the rotation axis. During times of high activity, the Sun also features numerous dipoles with multiple bar magnets, each represented by an active region.

The complex “magnetic carpet” seen in the photosphere reaches the surface via the granular network of convection cells that are created as plasma wells up from below. Intense stirring causes magnetic dipoles to grow continually within the cells before being shed into the corona through magnetic reconnection.

    Figure 2.20  Based on SOHO data, this image shows irregular magnetic fields (the “magnetic carpet”) on the photosphere. The carpet comprises a sprinkling of tens of thousands of magnetic concentrations which have both north and south magnetic poles. These are the bases of magnetic loops extending into the corona. Whiter areas represent more material at a temperature exceeding one million degrees Celsius, darker areas represent less. The black and white spots represent magnetic field concentrations with opposite polarities. Each spot is roughly 8 000 km across. 
(Stanford-Lockheed Institute for Space Research / NASA-GSFC)
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The Sun’s magnetic variability waxes and wanes over the eleven-year sunspot cycle, changing in parallel with the number of active regions (see below). The active regions arise in unpredictable locations, emerging from the deep interior and breaking through the photosphere into the corona. Features frequently (but not always) associated with magnetically active regions include sunspots, coronal loops, flares and coronal mass ejections. All of these are most common around the time of solar maximum.

Sunspots occur where very intense magnetic lines of force break through the surface. The sunspot cycle results from the recycling of magnetic fields by the flow of material in the interior. Prominences that rise above the surface are supported by, and threaded through, with magnetic field lines.

Streamers and loops seen in the corona, sometimes reaching heights of several hundred thousand kilometers, are also shaped by magnetic fields. The arches comprise bright strands of plasma that connect two areas in the photosphere with opposite magnetic polarities. Bright blobs of hot plasma race up and down coronal loops at tremendous speeds along threads that follow the magnetic field lines.

The polarity of the Sun’s magnetic dipole switches at the end of each eleven-year cycle, as the internal magnetic dynamo reorganizes itself. At solar minimum, the magnetic field resembles a simple dipole, with magnetic field lines running north-south. However, because the equator rotates much faster than the poles, the magnetic field becomes increasingly twisted as time goes by. Over a period of eleven years, the twisted field lines wrap around the Sun, generating areas of intense magnetic fields that appear at the surface as sunspots. The process of tangling ceases when the dynamo readjusts, recreating a dipole field, but with a reversal in polarity, i.e. the north magnetic pole switches to the south magnetic pole, and vice versa.

    Figure 2.21  At the start of the eleven-year sunspot cycle, the Sun’s magnetic field resembles a large bar magnet, with two magnetic poles. However, because the equatorial region rotates much faster than the poles, the magnetic field gets progressively wrapped around the Sun, becoming stretched as it nears the equator. After many rotations the magnetic field becomes extremely complex. The twisted field lines wrap around the Sun, generating areas of intense magnetic field that are visible at the surface as sunspots. The tangling process ends when the dynamo readjusts, recreating a dipole field. 
(UCAR)
[image: c02f021]


The change-over is not always smooth. In March 2000, for example, the south magnetic pole faded and was replaced by a north pole. For nearly a month, the Sun had two north poles. The original south pole migrated north and, for a while, became a band of south magnetic flux smeared around the equator. By May 2000, it had returned to its usual location near the Sun’s southern spin axis. Then, in 2001, the magnetic field completely flipped, so that the south and north magnetic poles swapped positions, which they retained throughout the rest of the cycle.

The Sun’s magnetic field is carried out into the Solar System by the charged particles (electrons and protons) of the solar wind (see below).

Sunspots

Sunspots are dark areas of irregular shape on the surface of the Sun. They are often large enough to be seen with the naked eye, and Chinese records of major sunspots go back to at least 28 BC.9

    Figure 2.22  Sunspots have a darker, central region (the umbra) surrounded by a lighter outer section (the penumbra) with a linear filamentary structure. Around the sunspot are thousands of granules, the tops of convectional cells 1 000–2 000 km in diameter. Sunspots appear dark because they are cooler than their surroundings. A large sunspot might have a temperature of about 4 000°C compared with about 5 500°C for the nearby bright photosphere. This sunspot was observed with the Swedish 1-m Solar Telescope on La Palma. 
(Royal Swedish Academy of Sciences)
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Sunspots are much easier to observe than any other solar phenomena because of their dark appearance against much brighter surroundings. This is because they are typically about 1 500°C cooler than the rest of the photosphere, although sunspots are actually fairly luminous.

The spots vary in size from a mere 1 000 km to one million km. Many of them are larger than Earth, and easily visible to the naked eye under the right conditions. In most sunspots, the darkest region is the central core (the umbra), which is surrounded by a lighter penumbra, although either of these may appear without the other. The penumbra displays light and dark linear features, known as filaments, which radiate away from the umbra. These filaments are the result of radial outward flows of gas along channels of nearly horizontal magnetic field.

Spectroscopic studies show that sunspots are associated with strong, concentrated magnetic fields. In close proximity to sunspots, the strength of the magnetic field may increase more than 3 000 times. Field strengths are directly related to their physical size, ranging from 1 000 gauss in smaller examples to 4 000 gauss in giant sunspots. (This compares with an average 0.5 gauss for Earth’s surface magnetic field.) These powerful fields partially block the flow of plasma and heat from below, causing the sunspot’s temperature to drop more than a thousand degrees compared with its surroundings.

Sunspots are the most visible features associated with active regions, often seen alongside faculae and plage (see above). They almost always occur in groups or pairs of opposite polarity, where magnetic fields project through the photosphere from below: in the center of a sunspot the magnetic field lines are vertical. Isolated sunspot pairs tend to be aligned in an east-west direction.

    Figure 2.23  Active regions on the Sun are made up of many relatively small magnetic structures emerging at adjacent locations. In this image, the rising magnetic structures are represented as white arches emerging from the surface. The dark areas at the bases of the arches are sunspots that form when solar magnetic fields become concentrated. The base of each arch has a different polarity. 
(NASA-GSFC)
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Magnetograms show that the polarities of sunspot pairs located in the northern and southern hemispheres are reversed. In one hemisphere, the sunspot with a negative magnetic polarity almost always leads the sunspot which has a positive polarity (with respect to the westward apparent motion due to solar rotation). The behavior is similar in the other hemisphere, except for reversed magnetic polarities. This pattern is a direct result of the internal dynamo that generates the overall magnetic field.


    
    
    Figure 2.24  Flows within and around a sunspot, derived from SOHO data. Red is hot gas, blue is cooler gas. Outflowing plasma at the surface is underlain by material rushing inward, like a giant whirlpool. This inflow is strong enough to pull the magnetic fields together and reduce the amount of heat that normally flows from the interior. The cooled material sinks to a depth of only a few thousand kilometers and then spreads out. 


        (ESA-NASA)
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Some sunspots survive only a matter of hours, but many persist for days, weeks, or even months in the case of the very biggest. Each spot resembles a whirlpool, where hot gas near the surface converges and then dives into the interior at speeds of up to 4 000 km/h. The sinking gas in the immediate vicinity of the sunspot reaches depths of only a few thousand kilometers. The descending flow removes the heat that accumulates beneath the spot and eventually brings it to the surface, far from the sunspot, where it is radiated into space.

The first evidence that sunspots are likely to form comes when sound waves deep in the convective zone begin to accelerate through a particular region. Within half a day, intense magnetic fields shoot upwards like a fountain, traveling at 4 500 km/h. A 20, 000 km wide column of hot gas, confined by an intense, rope-like magnetic field, reaches almost to the visible surface.

At a depth of 4 000 km, it may separate into strands that make their own way towards the surface, eventually forming smaller sunspots around the main spot complex. The intense magnetic fields prevent the normal upward flow of energy from the interior, leaving the sunspot much cooler than its surroundings. Immediately below the main spot is a cushion of cooler, less intensely magnetized gas. Each major sunspot complex is associated with a separate magnetic column in which the polarity is often aligned in the opposite direction.

    Figure 2.25  An image of the chromosphere obtained by Hinode on November 20, 2006. Plasma aligned along the solar magnetic field lines is rising vertically from a sunspot (an area of strong magnetic field) toward the corona. 
(Hinode, JAXA/NASA/PPARC)
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Since more sunspots appear at solar maximum, the solar irradiance reaching Earth during that time might be expected to decrease. However, satellite radiometer measurements show that, while sunspots cause a decrease in the solar irradiance on time scales of days to weeks, the long-term solar irradiance actually increases by about 0.1% as sunspot (magnetic) activity increases. The source of this additional irradiance has been traced to the bright faculae near the limb of the Sun (see above).

Sunspot Cycles

The rise in sunspot activity every eleven years or so is associated with greater magnetic activity, with an increase in the number of active regions, flares and coronal mass ejections. This cycle was discovered in 1843 by German astronomer Heinrich Schwabe as a by-product of his search for a planet closer to the Sun than Mercury.

    Figure 2.26  Snapshots of the changing solar magnetic field (left) and the soft X-ray corona (right) from 1991 to 2000 – almost an entire solar cycle. Obtained one year apart between one solar maximum (lower right) and the next, they show the evolution of coronal structure due to changes in the magnetic fields. Note the few magnetic features and lack of X-ray bright loops in the middle, at solar minimum. The strongest magnetic fields (shown in dark blue and white) occur in the active regions and coincide with the brightest coronal X-ray emissions. White shows an upward pointing magnetic field and dark blue a downward pointing field. Pale blue shows a weak field of “mixed” polarity. 
(Lockheed Martin Solar & Astrophysics Lab, Yohkoh SXT and Kitt Peak National Solar Observatory)
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Astronomers give each eleven-year solar cycle a number. For obscure historical reasons, solar cycle 1 was a fairly ordinary cycle which peaked in 1760. The most recent complete cycle, number 23, peaked in 2001 and ended in 2007. However, cycle 24 was extremely reluctant to start, with the Sun remaining largely blank well into the autumn of 2009, interrupted by an occasional sunspot with reversed magnetic polarity (indicative of the start of a new cycle). In addition to the deepest solar minimum in nearly a century, there was clear evidence of a decline in sunspot magnetism of about 50 gauss per year since 1992.

This was not the first time that sunspots largely disappeared. The solar minima of 1901 and 1913, for instance, were even longer than the 2008–2009 hiatus. In the 17th century, the Sun experienced a 70-year sunspot drought, known as the Maunder Minimum, that still baffles scientists. Between 1645 and 1715, the number of observed sunspots plummeted from thousands per year to a few dozen.

The sunspot number is calculated by first counting the number of sunspot groups and then the number of individual sunspots. The final sunspot number represents the sum of the number of individual sunspots and 10 times the number of groups. Since most sunspot groups contain, on average, about ten spots, this formula has provided reliable numbers even when observing conditions were less than ideal and small spots were difficult to see.

    Figure 2.27  This butterfly diagram (top), named for its characteristic appearance, shows the average positions of sunspots for each rotation of the Sun, based on observations obtained by the Royal Greenwich Observatory, London, since May 1874. The bands first form at mid-latitudes, widen, and then move toward the equator as each cycle progresses. The smallest spots are shown in black, the largest ones in yellow. Below is a plot of the average area covered by sunspots over the same period. 
(NASA-MSFC)
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Each cycle tends to start with a few small spots close to latitudes 40° north and south. As it progresses, the spots and associated active regions move closer to the equator, and larger, more long-lived spots appear. After approximately eleven years, the final spots of that particular cycle form at latitudes of about 5°, before disappearing altogether.

    Figure 2.28  The Sun’s deep circulation takes the form of a great “conveyor belt” of plasma that flows slowly toward the equator at a depth of 200 000 km. Near the equator it rises toward the surface and then returns toward the poles at a faster rate. The entire circuit takes thirty to fifty years. Changes in the rate of flow may be linked with the duration of the sunspot cycle and number of sunspots. 
(NASA)
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Why do the bands where sunspots form drift equatorward over time and then disappear? For a long time, it was believed that this was due to a wave-like process involving changing magnetic fields deep inside the Sun. However, recent studies suggest that it may be caused by a giant circulation system in which compressed plasma, 200, 000 km below the surface, moves from the poles toward the equator at a speed of about 5 km/h – equivalent to a leisurely walking pace.

Near the equator, the gases rise and head back toward the poles. Flowing through the surface layers, where the plasma is less compressed, they are able to move faster, reaching 32 to 64 km/h. The variable speed means that plasma can take anywhere from 30 to 50 years to complete the full circuit.

Since the speed of this meridional circulation system changes slightly from one sunspot cycle to the next, it may act like an internal clock that sets the period of the sunspot cycle. The circulation is faster in cycles shorter than the average eleven-year period and slower in longer-than-average cycles.

The absence of sunspots in 2008–2009 has been attributed to the fact that, from 1996 onwards, the deep, internal plasma flow associated with the next solar cycle was moving more slowly than usual, while the top of the conveyor belt was moving at record-high speed. This seems to have affected the internal dynamo, delaying the rearrangement of the solar magnetic field. This, in turn, prolonged the period of switchover between cycles, leading to an extended solar minimum.

Near-surface jet streams, which flow from the poles toward the equator at depths of 1 000 to 7 000 km, have also been associated with the sunspot cycle. By using helioseismology to keep track of gas moving below the surface, scientists from the National Solar Observatory, Arizona, found that the Sun generates new jet streams near its poles every eleven years. The streams migrate to the equator and are apparently associated with the production of sunspots once they reach a critical latitude of 22°.


    
    
    Figure 2.29 A diagram showing roughly east-to-west motion at a depth of about 7 000 km in the solar interior, as derived from helioseismology observations. The diagonal yellow bands are jet streams that are associated with the solar cycle. Flow cycle 23 is shown in yellow on the left side, while the flow for the next cycle (#24), which is notably slower, is shown in yellow on the right side. Overlain on the jet streams are black contours showing the pattern of sunspots. When the streams reach 22° latitude, new sunspots begin to appear. 


        (National Solar Observatory)
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Despite important progress in recent years, predictions of future sunspot cycles are not very accurate. Time will tell if the slow start to cycle 24 marks the start of an extended quiet period of solar activity. However, exactly how the jet streams are generated, and the precise mechanism that enables them to trigger sunspot production remains a mystery.
Box 2.2 SOHO

The Solar and Heliospheric Observatory (SOHO) is the most important solar observatory ever sent into space. The European-built spacecraft was launched on December 2, 1995, and transferred to the L1 Lagrangian point, approximately 1.5 million km from Earth on its sunward side. At this location, it is relatively easy to keep SOHO in a stable halo orbit from which its instruments can observe the Sun continuously, without being interrupted by eclipses.

SOHO carried twelve instruments that were designed to probe all aspects of the Sun. The spacecraft was designed to operate for two years, but it was still operating in 2011, despite some major technical problems which almost ended the mission.

SOHO observed the Sun throughout an entire eleven-year solar cycle, and its observations led to numerous discoveries. These include:

	Helioseismic data from SOHO and the GONG network of ground stations detected currents of gas beneath the visible surface, giving new insights into the layers of the Sun’s interior, the behavior of the magnetic field and the change in sunspot numbers during the solar cycle.
	A 0.1% increase in the Sun’s luminosity as the count of sunspots increased 1996–2000. Scientists estimate that high-energy ultraviolet rays from the Sun have become 3% stronger over the past 300 years.
	Until the launch of the Stereo mission, SOHO provided the only reliable way to identify coronal mass ejections that were heading towards Earth. This was done by linking expanding haloes around the Sun to shocks seen in the Earth-facing atmosphere. This gave 2–3 days’ warning of these potentially damaging storms.
	Thousands of nanoflares occur every day, due to continual rearrangement of tangled magnetic fields. This helps to explain why the corona is far hotter than its visible surface.
	SOHO helped to locate the sources of the fast and slow solar winds.
	Charged atoms that feed the fast solar wind gain speed very rapidly, apparently driven by strong magnetic waves in the corona. Similar magnetic waves may accelerate the slow wind.
	SOHO found many elements in the solar wind, including the first detections of phosphorus, chlorine, potassium, titanium, chromium and nickel. These give clues to conditions on the Sun and to the history of the Solar System.
	After a solar flare, SOHO observed waves spreading outward across the Sun’s visible surface.
	SOHO discovered large tornadoes, where hot gas was spiraling outwards from the Sun’s polar regions.
	A wind of particles from distant stars blows through the Solar System, partially counteracting the solar wind. SOHO fixed its direction (from the Ophiuchus constellation) and speed (21 km/s) more accurately.
	Two instruments, SWAN and MDI, detect sound waves reflected from far-side sunspots. This makes it possible to “see” what is happening on the far side of the Sun, giving advance warning of active regions that have yet to appear on the Earth-facing hemisphere.
	More than 2 000 sungrazing comets have been discovered in LASCO images. This makes SOHO by far the most successful comet discoverer in history.




Solar Wind

The corona emits a continuous stream of charged particles, known as the solar wind. This solar wind flows radially outward in all directions at an average speed of about 400 km/s. Almost a million tonnes of solar material is ejected into interplanetary space each second. This outward flow of particles creates an invisible bubble in space, known as the heliosphere, and is responsible for the anti-sunward ion tails of comets and the shape of the magnetospheres around the planets.

The solar wind comprises an equal number of protons and electrons, plus a smaller amount of heavier ionized atoms. These particles originate in the corona where the temperature is so high that not even the Sun’s powerful gravity can hold on to them.

Like winds on Earth, the solar wind is highly variable, changing with the state of the corona. During solar minimum, there is usually a fast, steady wind over the poles and a slow variable wind at lower latitudes. At solar maximum, it is highly chaotic, with fast and slow streams of particles interrupted by more frequent coronal mass ejections at all solar latitudes.

The high speed wind (750–800 km/s) is derived from plasma leaking through the corners of a magnetic honeycomb of plasma cells, mainly in large coronal holes. These regions are most commonly located near the poles, where the solar atmosphere is less dense and cooler than surrounding areas. Their open magnetic field lines allow a constant flow of high-density plasma to stream into space. This is particularly noticeable during solar minima, when coronal holes tend be larger and longer-lasting.

In contrast, the slow solar wind (300 km/s) originates over lower latitudes, typically over active regions and streamers, where closed magnetic field lines trap the electrically charged coronal gases, except at the edges of bright, wedge-shaped features called helmets. Many small mass ejections, driven by magnetic explosions, also contribute to the solar wind.

Massive compression and shock waves can result if a fast stream collides with a slow stream. As the Sun rotates, the various streams in the solar wind also rotate, producing a pattern similar to a rotating lawn sprinkler. If a slow stream is followed by a fast stream, the high speed material will catch up and plow into it.

In addition to dramatic changes in speed, spacecraft have recorded the presence of magnetic clouds – clumps of solar particles with embedded magnetic fields – and variations in the composition of the particle population which reflect conditions in their coronal source regions. For example, instruments have shown a higher abundance of magnesium ions compared to oxygen ions in the slow solar wind than in high speed streams.

    Figure 2.30  The corona is threaded with magnetic fields (yellow lines). Areas with closed magnetic fields give rise to a slow, dense solar wind (short dashed red arrows), while coronal holes with open magnetic fields yield fast, less dense solar wind streams (longer, solid, red arrows). In addition to the permanent coronal holes at the poles, coronal holes sometimes occur closer to the equator, (right of center). The image was taken by SOHO’s Extreme ultraviolet Imaging Telescope. 
(ESA-NASA)
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Despite many years of observation, the precise mechanism of solar wind formation is still not fully understood. Although it is recognized that the fast solar wind originates from coronal holes, images of the outflowing material are still rare. Various source regions have been proposed for the slow solar wind. These include the boundary of coronal holes, helmet streamers located above closed loop structures in the corona, and the edges of active regions.

The suggestion that one of the sources of the slow solar wind is the boundary between coronal holes and active regions has been supported by high resolution images from Hinode. These show a continuous outflow of plasma along apparently open field lines that rise from the edge of an active region adjacent to a coronal hole.

The mechanism that drives the solar wind is also poorly understood. However, recent observations have indicated that Alfvén waves in X-ray jets – fast-moving eruptions of hot plasma that occur near the poles – may accelerate the solar wind to hundreds of kilometers per second. These magnetic oscillations, possibly associated with short-lived spicules in the chromosphere (see above), appear to travel at very high speeds along open field lines that extend from the photosphere and into the corona. The wave energy that leaks into the corona may be sufficient to power the solar wind.
Box 2.3 Ulysses

Nearly all scientific spacecraft that observe the Sun or are dispatched across the Solar System follow paths that lie close to the ecliptic. However, the European Space Agency’s Ulysses spacecraft followed a highly elliptical orbit that carried it above and below the solar poles, regions that are usually extremely difficult to observe.


    
    
    
    
Launched on the Space Shuttle Discovery in October 1990, Ulysses received a gravity assist from Jupiter in 1992. This bent its path southward, so that it would fly over the solar poles. Before its mission ended in 2009, the nuclear-powered spacecraft made nearly three complete orbits of the Sun, enabling it to observe the cyclical changes in solar activity.

    
    
    
    Figure 2.31  The Ulysses spacecraft was the first to leave the ecliptic and explore the Sun’s polar regions. Launched in 1990, it was sent to Jupiter for a gravity assist that bent its orbit southward so that it could fly over the star’s poles. Ulysses completed almost three orbits before it was shut down in 2009. The final orbit is shown here. 
(ESA)
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Prior to Ulysses, it had only been possible to measure the solar wind near the ecliptic, giving the impression that it typically swept across the Solar System at about 400 km/s, with occasional faster gusts. Ulysses showed that this perception was incorrect. For much of the sunspot cycle, the dominant component is a fast wind from the cooler regions close to the poles that fans out to fill two thirds of the heliosphere. Blowing at a fairly uniform speed of 750 km/s, this far outstrips the slower wind that emerges from the equatorial zone. Rather than being typical, the slow wind is a minor player.

When Ulysses first flew over the polar regions in 1994 and 1995, solar activity was close to minimum, providing a view of the three-dimensional heliosphere at its simplest. The fast solar wind escaping from high latitudes flowed uniformly to fill a large fraction of the heliosphere, and solar wind variability was confined to a narrow region around the equator.

When Ulysses returned to high latitudes in 2000 and 2001, during solar maximum, the Sun displayed many active regions and solar storms were common. Solar wind flows from the poles appeared indistinguishable from flows at lower latitudes.

In 2007, Ulysses made its third polar passage. Compared with observations from the previous solar minimum, the strength of the solar wind pressure had decreased by 20%, and the field strength had decreased by 36%. Although the wind speed was almost the same, the density and pressure were significantly lower.


Of particular interest were Ulysses’ observations of the Sun’s magnetic field reversal at the change-over between solar cycles. Despite the apparent chaos and complexity of the magnetic field at the surface, the Sun’s magnetic equator was quite well defined and stable, clearly separating the negative and positive magnetic hemispheres. However, during the solar minimum of 1994–1995, the magnetic equator was pushed 10° southward with respect to the Sun’s rotational equator. The reason for this offset is still not fully understood.

Ulysses’ measurements also showed that energetic particles originating in storms close to the Sun’s equator are much more mobile than previously thought, and are even able to reach the polar regions. Since these particles tend to move along the magnetic field lines in the solar wind (much like beads on a wire), this means that the structure of the magnetic field is more complex than previously thought.

In addition to studying the Sun, instruments on Ulysses detected small dust particles, hydrogen ions, cosmic rays and neutral helium atoms that entered the heliosphere from interstellar space. The dust flowing into our Solar System was 30 times more abundant than predicted.



    Figure 2.32  Polar plots of solar wind speed over each of Ulysses’ orbits. The first orbit occurred during solar minimum, when there was a slow wind over the equator and a fast wind over the poles. The second orbit showed fast and slow winds at all latitudes, consistent with solar maximum. Data from its third orbit, during another solar minimum, indicated that the solar wind speed was similar, even though the density and pressure were significantly lower than in the previous solar minimum. The plot below shows the number of sunspots. 

(Southwest Research Institute; from McComas et al., 2008)
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Flares

Flares are tremendous explosions on the surface of the Sun which can last from several seconds to a few hours. The largest flares are also the longest in duration, but they are usually quite rare, occurring only a few times a year until solar maximum approaches. Many smaller flares occur down to the limits of detection of modern instruments at about 1027 ergs. These generally last for a short time, down to a few seconds, and they, too, are most frequent near solar maximum, when there may be several dozen flares per day.

As flares heat material to a temperature of up to 100 million degrees Celsius, they release energy equivalent to that released by millions of 100-megaton hydrogen bombs exploding simultaneously. The energy is released in many forms: electromagnetic radiation across virtually the entire spectrum, from radio waves to X-rays and gamma rays; energetic particles (protons and electrons); and mass flows.

The high energy electromagnetic radiation travels at light speed across interplanetary space, sometimes heading towards Earth. Such increases in X-ray flux enhance the ionosphere, causing it to decrease in altitude, but, fortunately, they are unable to penetrate our planet’s lower atmosphere.

Not far behind are the particles that are accelerated to near light speed by the flare. Streaming outward along magnetic field lines, they can reach the Earth-Moon system within 20 to 30 minutes, interfering with short wave radio communications, causing short circuits and computer reboots on satellites, and threatening the health of astronauts who are outside their spacecraft.

    Figure 2.33  SOHO’s Extreme Ultraviolet Imager took this image of the most powerful flare ever recorded by spacecraft, which erupted on November 4, 2003. Since the X-ray detector on board NOAA’s GOES satellite was saturated by the radiation outburst, there is some uncertainty over its magnitude, with estimates ranging from X28 to X45. The record-breaking series of solar storms in October and November 2003 affected radio communications across the globe, and caused temporary power outages in Europe due to fluctuations in Earth’s magnetic field. 
(NASA-ESA)
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Flares are usually difficult to see in visible light against the bright background of the photosphere. Most are detected from the invisible radiation they emit. Radio and optical emissions can be observed with telescopes on the Earth, while orbiting observatories are needed to detect energetic emissions such as X-rays and gamma rays.

There are typically three stages to a solar flare, each lasting anything from a few seconds to more than an hour. First is the precursor stage, when the release of magnetic energy is triggered. The soft X-ray emission gradually increases but few, if any hard X-rays or gamma rays are detected.

In the second, impulsive stage, protons and electrons are accelerated to energies exceeding 1 MeV, whilst hard X-rays and gamma rays are emitted, often rising in many short but intense “spikes”, each lasting a few seconds to tens of seconds. The soft X-ray flux also rises more rapidly during this phase, often synchronizing with the hard X-ray profile.

In the third, decay stage, hard X-ray and gamma ray fluxes start to decay rapidly in a matter of minutes, whereas the soft X-ray flux continues to rise, reaching a peak before declining again, sometimes over a period of several hours.

Flares (and coronal mass ejections) occur near sunspots, usually along the dividing line (neutral line) between areas of oppositely directed magnetic fields. A flare occurs when magnetic energy that has built up in the corona is suddenly released as the result of magnetic reconnection.

    Figure 2.34  A flare is created when a magnetic loop in the corona rises to great height, becoming stretched and distorted. When the two sides of the loop get close enough, magnetic reconnection takes place. The loop splits in two, forming a smaller arch at the surface and a separate loop in the corona. The excess energy is released in explosive events like flares and coronal mass ejections (CMEs). The white flash represents a flare generated in the small arch as electrons are accelerated down its magnetic field and slam into the denser plasma near the solar surface, releasing high energy radiation. Plasma trapped in the coronal loop quickly rises and expands, propelling the CME plasma away from the Sun. 
(NASA)
[image: c02f034]


When a coronal loop rises to great height, it may become stretched and distorted, so that the two sides of the loop move closer together. When magnetic field lines snap and then reconnect, the original loop splits in two, forming a smaller arch at the surface and a separate loop in the corona. The excess energy is released in an explosive flare, often coinciding with a coronal mass ejection which blasts huge amounts of material into space.

The flare generated in the small arch accelerates electrons down the magnetic field lines, causing them to slam into the denser plasma below, producing X-rays, microwaves and a shock wave that heats the surface. The result is a major seismic wave in the Sun’s interior, which can be observed as a series of outward moving ripples – much like the ripples that spread from a rock dropped into a pool of water.

    Figure 2.35  Seismic waves ripple away from the site of a moderate-sized solar flare. The image was taken by SOHO’s Michelson Doppler Imager on July 9, 1996. Over the course of an hour, the waves traveled for a distance equal to ten Earth diameters before fading into the photosphere. Unlike water ripples that travel outward at a constant velocity, the solar waves accelerated from an initial speed of 35, 200 km/h to a maximum of 250, 000 km/h before disappearing. 
(Alexander Kosovichev, Valentina Zharkova, ESA/NASA)
[image: c02f035]


Over the course of an hour, the seismic waves may travel more than 100, 000 km before they fade into the fiery background of the Sun’s photosphere. The waves can accelerate from an initial speed of 35, 200 km/h to a peak of 400, 000 km/h before they disappear.

    Figure 2.36  On December 13, 2006 – Hinode’s Solar Optical Telescope imaged at different wavelengths a new, developing sunspot colliding with an existing spot and then exploding into an X-class solar flare. The bright area in the upper image marks the footprint of a magnetic field that channeled suddenly-released energy from the inner corona down to the surface. The lower image shows that the two sunspots had opposite magnetic polarities. The flare produced high energy protons that reached Earth. 
(Hinode, JAXA-NASA)
[image: c02f036]


Flares may often erupt one after the other when a particularly active sunspot region appears. One of the most extraordinary sequences of solar storms took place between October 18 and November 5, 2003 – when more than 140 flares were observed – primarily associated with two large sunspot groups. Among them were eleven major X-class flares, including an X17 event on October 28, and an even bigger one on November 4.

The strength of the latter event was difficult to determine, since it saturated the spacecraft detectors, but, based on radio wave-based measurements of the X-rays’ effects on Earth’s upper atmosphere, it was later uprated to X45, making it by far the largest flare detected since the GOES satellites began their solar X-ray measurements in 1976.

Classification of Solar Flares

Scientists classify solar flares according to their brightness at X-ray wavelengths, that is, their X-ray flux. There are five classes: A (the weakest), B, C, M, and X (the strongest). Each category has nine subdivisions, for example; C1 to C9, M1 to M9, and X1 to X9. Very occasionally, extremely powerful flares are given a much higher designation. For example, one storm of November 4, 2003 has variously been classified as X28 or X45.

These scales are logarithmic, much like the seismic Richter scale, so an M flare is 10 times as strong as a C flare. The most important categories are:

	X-class flares: The most powerful. These major events can trigger radio blackouts around the world and long-lasting radiation storms in Earth’s upper atmosphere which can damage or destroy satellites.
	M-class flares: Medium-sized, releasing 10% of the energy of X-class flares. They generally cause brief radio blackouts that affect Earth’s polar regions. Minor radiation storms sometimes follow an M-class flare.
	C-class flares: Small, releasing 10% of the energy of M-class flares, with few noticeable consequences on Earth.

Box 2.4 Japanese Solar Observatories

Japan has been playing a leading role in solar studies for several decades. The first of its pioneering orbital observatories was Yohkoh, which was launched August 30, 1991. It carried four main instruments: a Hard X-ray Telescope, the first instrument ever to image high energy X-ray flares; a US-Japanese Soft X-ray Telescope with a field of view that covered the full solar disk but could also obtain a series of small-scale, high-resolution images of flares; a Wide-Band Spectrometer to observe solar radiation in soft X-rays, hard X-rays, and gamma rays, with a fourth detector monitoring Earth’s radiation belts; and a UK-US-Japanese spectrometer to study specific spectral regions in soft X-rays.

Yohkoh was the first spacecraft to continuously observe the Sun in X-rays during an entire sunspot cycle. When it was launched, the Sun was near the peak of its eleven-year cycle, so many active regions and flares were imaged. It then observed the subsequent decline and the start of sunspot cycle 23 in the late 1990s. The spacecraft sent back over six million X-ray images before it failed in late 2000.

Yohkoh provided important new data about the corona, including information about how and where this multi-million degree layer is heated to temperatures hundreds of times greater than the solar surface. By tracking the evolution of the corona, it improved understanding of how the Sun’s magnetic fields are deformed, twisted, broken and reconnected during flares; and how the coronal plasma is heated to millions of degrees by flares. Various structures, known as sigmoids (S-shaped regions in the corona) and trans-equatorial interconnecting loops (TILs), were shown to be more likely to be the sites of solar eruptions.

Its successor, Hinode, was also a US-UK-Japan collaboration. It was launched on September 23, 2006 – into a Sun-synchronous, near-polar orbit around Earth that allows it to remain in continuous sunlight for nine months each year. It carries an optical telescope that includes a high-resolution imager, a magnetograph that makes rapid observations of the Sun’s magnetic and velocity fields, and a spectropolarimeter that makes extremely precise observations of the solar magnetic field. Together these instruments are able, for the first time from space, to measure small changes in the strength and direction of the magnetic field, as well as how these changes coincide with events in the corona. One important product is vector magnetograms that illustrate variations in the strength of the Sun’s magnetic field.



    Figure 2.37  Hinode is equipped with the highest resolution solar X-ray telescope ever flown. This full disk image, taken early in the mission, shows features of the X-ray Sun with a spatial resolution of nearly 1 arcsecond. These include coronal activity within dark holes near the poles and coronal loops associated with active regions. 
(JAXA-NASA)
[image: c02f037]




Also on board is an advanced version of the Soft X-ray Telescope flown on Yohkoh. The highest resolution solar X-ray telescope ever flown, it shows the structure and dynamics of the corona over a wide range of temperatures and a broad field of view. By combining optical and X-ray observations, it is possible to study how changes in the magnetic field trigger explosive solar events. An Extreme Ultraviolet Imaging Spectrometer (EIS) provides a key link in the data by observing the chromosphere and transition region that separate the photosphere from the corona. The EIS measures the velocity of solar particles, and the temperature and density of solar plasma.


    
    
   
    
    
Its high resolution images revealed gigantic arcing magnetic structures that dwarf the underlying sunspots. It found evidence for several mechanisms that may be contributing to the extraordinary heating of the corona, including twisted and tangled magnetic fields that snap and reconnect, extreme turbulence and acoustic waves in the lower atmosphere, magnetic Alfvén waves that propagate upwards at high speed, and X-ray jets and nanoflares that are continually exploding. Hinode also discovered extended structures at the edges of active regions where material is flowing rapidly outward, possibly contributing as much as a quarter of the total solar wind.


Coronal Mass Ejections

Flares are often associated with huge eruptions of ionized material, known as coronal mass ejections (CMEs), that can propel up to 10 billion tons of matter into space These massive bubbles of plasma, threaded with magnetic field lines, are ejected from the Sun over the course of several hours.

    Figure 2.38  A LASCO C2 coronagraph image showing a spiral-shaped CME (lower right) erupting from the Sun on June 2, 1998. This CME was rather unusual since the width of the blast was fairly narrow and the strands of plasma were twisting. The LASCO instrument on SOHO blocks the Sun in order to observe coronal structures in visible light. The white circle represents the Sun. 
(NASA-ESA)
[image: c02f038]


We now know that CMEs are very common. During solar maximum, the Sun averages five of these outbursts per day, with about 100 of them heading Earthward per year. During solar minimum, the annual total may drop to about 180, with a strong CME every two days and about 10–15 per year directed at Earth.

Like all solar activity, CMEs are associated with releases of magnetic energy in active regions, particularly the concentrated magnetic fields close to sunspots. However, although they are often associated with flares and prominence eruptions, they can also occur without either of these events taking place.

    Figure 2.39  Coronal mass ejections occur when solar magnetic field lines snake around each other, often forming the letter “S”. Usually, they go past each other, but if they connect, the mid-section breaks free and creates a mass ejection. 
(NASA/MSFC)
[image: c02f039]


Forecasting CMEs is not easy. One possible sign of something stirring is the emergence of an inverse-S shape (sigmoid structure) in the X-ray corona. This happens when a magnetic flux tube begins to twist, due to the rotation of one or both of the footprints of a cluster of loops located above a sunspot group. In 2008, Hinode observed a CME in which one end of the tube spun clockwise, whilst the other rotated counterclockwise. This unfurling action caused the field lines to rupture, producing a huge explosion that heated a huge cloud of material and propelled it away from the Sun in the form of a coronal mass ejection.

    Figure 2.40  An S-shaped structure (sigmoid), in a solar active region is often a precursor to a CME. In this Hinode X-ray image, a bright sigmoid is observed on the right-hand side of the disk at the beginning of its eruption on February 12, 2007. The fine structure reveals that the sigmoid is really two opposing “J” shapes wrapping around each other. Sigmoid structures, defined by twisting magnetic fields, can often be observed for several days before a CME occurs. 
(University of Montana)
[image: c02f040]


Although CMEs are so large, they are very sparse and spread out, containing only a few particles per cubic centimeter. Much of their ability to disrupt the flow of the solar wind and disturb planetary environs comes from their magnetic fields, particularly if their polarity is aligned in the opposite direction to a planet’s field, leading to favorable conditions for magnetic reconnection to take place.

Traveling at up to 2 000 km/s, it usually takes a CME two to four days to reach Earth, although some may arrive in just over a day. During their journey, they can create major disturbances in the interplanetary medium and in Earth’s magnetic field. If they reach Earth, they result in beautiful polar auroras but may also cause large-scale power cuts, for example, Quebec in 1989, and problems with spacecraft systems.

Much of our knowledge of CMEs has come from the Large Angle and Spectrometric Coronagraph (LASCO) on SOHO. Advance warning of a CME that could be heading toward Earth was provided when LASCO imaged a “halo event,” when the entire Sun appeared to be surrounded by the CME. However, it was still not possible to definitively say if a CME was coming Earthward. Another viewpoint was needed to provide the third dimension.

Two extra viewpoints have been provided by NASA’s twin Solar Terrestrial Relations Observatory (STEREO) spacecraft, launched in October 2006. With one flying ahead of Earth and the other behind it, scientists can produce 3-D images of Sun-Earth space. These make it possible to pinpoint the location and speed of a CME, and study how it interacts with its surroundings. In this way, a CME can be tracked all the way to Earth and its arrival predicted at least a day in advance.

The STEREO data show that almost all CMEs have a common shape, similar to a croissant. This shape is explained by the twisted magnetic flux tubes being wider in the middle and narrower at one end.

The most recent spacecraft to study the Sun is NASA’s Solar Dynamics Observatory, which was launched in February 2010. It was placed in a geosynchronous orbit around Earth, which enables it to observe the Sun without interruption. The observatory carries three instruments to determine how the Sun’s magnetic field is generated, structured and converted into the solar wind, flares and coronal mass ejections.

The Sun’s Future

The Sun will not continue to shine forever (see also Chapter 1). Like most stars, it is undergoing gradual evolution on the so-called main sequence. Calculations based on the amount of hydrogen in the Sun and the rate at which it is being consumed, allied with theories of stellar evolution based on observations of other Sun-like stars, indicate that it is currently almost half way through its active life. Eventually, the Sun will leave the main sequence and swell into a red giant as it begins the final, dramatic phase of its existence.

Some seven billion years from now, the Sun will have grown to 2.3 times its present diameter and shine 2.7 times brighter than it does today. Within a few 100 million years, it will balloon outward, expanding to more than a 100 times its current size, so that it engulfs Mercury and extends almost to the present orbit of Earth. Meanwhile, the surface temperature will drop to around 4 000°C, making it appear red in color, and the bloated star will lose up to 25% of its mass in the form of a powerful solar wind.

The first red giant phase ends abruptly when there is no longer enough hydrogen available to continue the fusion process that leads to the creation of helium. As the core temperature soars to 100 million degrees Celsius, the intense heat and pressure initiate nuclear reactions that use helium as fuel. In this process, three helium atoms are fused to create one carbon atom.

    Figure 2.41  The Cat’s Eye nebula in the constellation Draco may resemble the remains of our Sun some seven billion years from now. One of the first planetary nebulas discovered, the Cat’s Eye is also one of the most complex examples of this kind of nebula, with eleven rings, or shells, of gas surrounding the dying star at the center. The star ejected a series of concentric shells in a series of pulses at 1 500-year intervals. 
(NASA, ESA, HEIC, and The Hubble Heritage Team STScI/AURA)
[image: c02f041]


The Sun will remain a fully fledged red giant for only a few hundred million years. During this time it will steadily burn its supply of helium, until this, too, begins to run out, leaving the star with a core made of nuclear by-products – carbon and oxygen. As the energy output begins to drop, the star balloons outward again, once more extending to at least the present orbit of Venus. During this “asymptotic branch” stage on the sequence of stellar evolution, it will experience enormous pulsations known as helium flashes. However, these 10, 000-year-long bursts of energy are almost the last throw of the dice.

    Figure 2.42  The evolution of the Sun will culminate in a red giant phase, beginning about seven billion years in the future. The Sun will expand enormously in the first phase as hydrogen burning accelerates, possibly reaching the orbit of Venus. Once helium fusion takes over, it will suddenly shrink. A few hundred million years later, when most of the helium is converted to carbon and oxygen, it will expand once more, marked by periodic outbursts known as helium flashes. When the star runs out of helium it collapses to form a white dwarf. 
(I-J Sackman, Caltech)
[image: c02f042]

The second red giant phase, which lasts for perhaps 100 million years, is marked by another huge mass loss as the remaining atmosphere is ejected into space, creating a beautiful, but short-lived, planetary nebula. Eventually, all nuclear fusion ceases. Without the outward push of radiation pressure, the stellar remnant collapses under its own gravity to form a white dwarf.

All that is left is an extremely hot (100, 000°C) core no larger than Earth. This is composed of highly compressed matter which is so dense and hot that the atoms are stripped of almost all their electrons. One teaspoon of the degenerate matter would weigh around five tons.

Over hundreds of millions of years, the white dwarf will gradually cool and fade until it emits only a tiny amount of heat or light. The Sun will end its life as a black dwarf, a cold, dark object hidden amongst the surrounding stars and surrounded by what remains of its retinue of planets and satellites.

Questions

	In what ways does the Sun influence its planetary system?
	The Sun has been in existence for 4.5 billion years. How is such longevity possible?
	Name the internal layers of the Sun. Describe the main characteristics of each layer.
	Why was the extremely high temperature of the corona so unexpected? How might this temperature be accounted for? Briefly describe and explain: (a) solar flares; (b) coronal mass ejections; (c) sunspots; (d) spicules; (e) prominences; (f) solar eclipses.
	What is the solar cycle? Suggest reasons for the changes that occur during this cycle.
	Explain why most of the recent advances in solar science have been made by observatories in space, rather than ground-based observatories.
	Why will the Sun undergo major changes some 6–7 billion years from now? How will these changes affect Earth and the other planets?



    
    
    Notes

1  Plasma – often described as the fourth state of matter (after solids, liquids and gases) – is an almost completely ionized gas, in which atoms or molecules are converted into ions by the addition or removal of one or more electrons. The hot mixture comprises negatively charged electrons and positively charged protons derived from high speed collisions between ions. The electrons and protons neutralize each other, so there is no net charge.

2  An electron volt is a measure of energy. It is defined as the kinetic energy gained by an electron passing through a potential difference of one volt.

3   The black lines are sometimes called Fraunhofer lines after Joseph von Fraunhofer who, in 1814, invented the diffraction grating. Many years passed before Gustav Kirchhoff discovered the link between the spectral lines and the chemical composition of the Sun.

    
    4  The longest total eclipse of the 21st century, which took place over Asia on July 22, 2009, lasted a maximum of 6 minutes 39 seconds. This duration will not be exceeded until 2132.

5  The coolest part of the Sun is in the lower chromosphere, about 500 km above the photosphere, where the temperature is about 4370°C.

6  A coronagraph is an instrument that uses a disk to blot out the glare of the light from the photosphere.

7   These are generally known as magnetohydrodynamic waves. The most important types involved in coronal heating are magneto-acoustic waves (sound waves that have been modified by the presence of a magnetic field) and Alfvén waves (similar to ULF radio waves that have been modified by interaction with plasma).

8  The waves are named after Hannes Alfvén, who received a Nobel Prize in 1942 for his work in this field.

9  Direct, naked eye observation of the Sun is very dangerous and proper eye protection is essential.
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Pioncer 3 s 6 Dec 1958 Hyby Failed to reach escape velocity

Luna1 USSR 2Jan 1959 Impact Lunar fiyby at distance of 6400 km on 4 Jan 1959

Pioncer 4 s SMarch 1959 yby Lunar fiby 4 March 1959 at distance of 59,545 km

[Unnamed] USSR 18June 1959 Impact Launch filure

Luna2 USSR LSept1959  Impact Lunar impact

Luna3 USSR 40ct 1959 Gircumlunar Fiyby at distance of 7900km on 6 Oct

Pioneer B3 US 26Novios9  Orbiter Launch filure

[Unnamed] USSR 15 April 1960 Circumlunar Failed to reach escape velocity

[Unnamed] USSR 19 April 1960 Gircumlunar Launch filure

Pioneer P30 US 25Septived  Orbiter Launch filure

Pioneer P31 US 15Dec1960  Orbiter Launch filure

Ranger 3 s 260m1962  Impact Fiyby on 25 Jan at distance of 36,753 km

Ranger 4 s 24pril1962  Impact Impact on lunar farside 26 April. No data

Ranger 5 s 150182 Impact Fiyby on 21 Oct at distance of 724km

[Unnamed] USSR 4Jan 1968 Lander Failed to lave Earth orbit

[Unnamed] USSR 3 Feb 1963 Lander Launch filure

Luna 4 USSR 24pril 1963 Lander Fiyby on 6 Aprilat distance of 8500km

Kosmos 21 USSR LNovises  Hyby Failed to lave Earth orbit

Rangers s %0194 Impact Impact 2 Feb. No data returned

[Unnamed] USSR 20 March 1964 Lander Failed to reach Earth orbit

[Unnamed] USSR 20 April 1964 Lander Launch filure

Ranger 7 s gy 1564 Impact Impact 31 July. Returned 4316 pictures

Rangers s 17Eeb 1965 Impact Impact 20 Feb. Returned 7137 pictures

Ranger 9 s 20 March 1965 Impact Impact 24 March. Returned 5814 pictures

[Unnamed] USSR 10April 1965 Lander Failed to reach Earth orbit

Lunas USSR 9May 1965 Lander Crashed on lunar surfice

Lunas USSR Slune 1965 Lander Fiyby on 11 June at distance of 161,000km

Zond 3 USSR Iy 1965 Hyby Fiyby 20 July at distance of 9220km

Luna7 USSR 40ct 1965 Lander Crashed on unar surfice

Lunas USSR 3 Dec 1965 Lander Crashed on lunar surfice

Luna USSR SUjn 196 Lander Landed on Ocean of Storms 3 Feb, Operated untl & Feb

Kosmos 111 USSR 1March 1966 Orbiter Failed to lave Earth orbit

Luna 10 USSR 31 March 1966 Orbiter Arrived 3 April Operated until 30 May

Surveyor | s 30May1966  Lander Landed on Ocean of Storms 2 June. Operated until 7 Jan
1967

Eplorer33 Us Ly 1966 Orbiter Entered eccentric Earth orbit

Lunar Orbiter 1 US 0Augiose  Orbiter Arrived 14 Aug Deliberately crashed on Moon on 29
ot

Luna 11 USSR 24Aug1966  Orbiter Arrived 27 Aug Operated until 1 Oct
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Satellite  Discoverer  Yearof  Diameter (km) Visual Distance  Orbital  Orbital ecc.  Orbital inc.

discovery magnitude  (km) period (d) (degrees)

Metis Ssmou/ 1979 4 175 128100 0294 0001 00
Voyager 2

Ansta D Jewitt B 1979 13x10x8 187 28,900 0298 0002 00
Daniclson

Amalthea B Barnard 1892 20% 165150 141 181,400 0498 0003 04

Thebe Ssmous 1980 H6x98 X8 160 900 068 0018 L
Voyager |

o Galileo 1610 3643 50 2us0 177 0004 00

Bwopa  Galilco 1610 3 53 71100 36 0009 05

anymede  Galileo 1610 5262 16 L0400 72 0001 02

Cilliso—— Galileo 1610 a1 L8200 167 0007 03

Themisto  C.Kowal E. 1975 s 210 7,507,000 1300 0202 1
Rocmer
 Kowal 1974 18 195 11,165,000 2409 0161 75
CPeine 1904 160 146 11,461,000 2506 0162 75
S. Nicholson 1938 Bl 183 717,00 2592 o 2
CPemine 1905 i 163 1741000 2596 0217 26
S.Sheppard 2000 4 24 12,555,000 287.0 0218 283
Sothers

Carpo S.Sheppard 2003 3 22 16,989,000 456.1 0.430 st
Sothers

S2003)3 S Sheppard 2003 2 28 18,339,885 583.9R 0241 17
Sothers

S2003)12 S, Sheppard 2003 1 29 19,002,480 533.3 0376 158
Sothers

Ewporic 5. Sheppard 2001 19,302,000 550.7R 0144 158
Sothers

201012 . Veillet 2010 1 29 20,307,150 588.1R 0307 1504

S2003)18  B.Gladman 2003 2 24 20,700,000 606.3R ony 1465
others

Orthosic eppard 2001 4 231 20721000 62268 0281 1159
Sothers

Euanthe 5. Sheppard 2001 6 28 20,799,000 620.6R 0232 1489
Sothers

Thyone  S.Sheppard 2001 s 23 20,940,000 627.3R 0229 1485
Sothers

52003)16  B.Gladman 2003 2 23 21,000,000 595.4R 027 1486
Sothers

Mneme S Sheppard 2003 233 21,069,000 620.0R 0227 186
Sothers

Harpalyke S. Sheppard 2000 4 22 20,105,000 6233k 0226 1186
Sothers

Hermippe 5. Sheppard 2001 s 21 20,131,000 6339R 0210 1507
Sothers

Praxidike 5. Sheppard 2000 212 20,147,000 6253k 0230 190
Sothers

Thelxinoe . Sheppard 2004 2 21,162,000 628.1R 0221 1504
Sothers

Helike S.Sheppard 2003 4 21,263,000 6348R 0156 1508
Sothers

locaste 5. Sheppard 2000 5 218 21,269,000 6315R 0216 19,4
Sothers

Ananke 5. Nicholson 28 188 21,276,000 610.5R 0244 1189

S2003115 S Sheppard 2003 2 235 22,000,000 668.4R oo 108
Sothers

S2003)9 S Sheppard 2003 1 27 2,441,680 683.0R 0269 1645
Sothers

S200319 B, Gladman 2003 2 27 22,800,000 7013R 0334 1629
Sothers

Eurydome 5. Sheppard 2001 6 27 22,865,000 717.3R 0276 1503
Sothers

Arche S.Sheppard 2002 3 28 2,931,000 7239R 0259 1650
Sothers

Auonoe . Sheppard 2001 8 20 23,009,000 7627R 0334 1529
Sothers

Pasthee S. Sheppard 2001 1 23,096,000 719.5R 0267 1651
Sothers

Herse B.Gladman 2003 2 234 23,097,000 7I54R 0200 1612
Sothers
S.Sheppard 2000 1 25 23,179,000 723.8R 0251 1652
Sothers

lsonoc S.Sheppard 2000 1 25 227,00 7255k 02146 1652
Sothers

Kale S.Sheppard 2001 1 20 227,00 7295k 0261 1651
Sothers

Aitne S. Sheppard 2001 6 23,000 730.2R 0264 1651
Sothers
S.Sheppard 2003 20 57,920 7232k 0204 1y
Sothers

Erinome 5. Sheppard 2000 3 28 23,279,000 7283k 0266 1649
Sothers

S2010]1 R Jacobson 2010 2 167 23314335 7232k 0320 1632
Sothers

Taygele S Sheppard 2000 5 219 23,360,000 7322R 0232
Sothers

Carme 5. Nicholson 16 176 23,404,000 7023k 0253 1649

sponde . Sheppard 20 23,487,000 748.3R 0312 1510
Sothers

Kalyke S.Sheppard 2000 28 563,000 7430 0215 1652
Sothers

Pasiphae P Melotie 1908 o0 170 23,624,000 708.0R 0.409 1514

Eukdlade  S.Sheppard 2003 1 26 23,661,000 746.4R 0272 1655
Sothers

Megaciite 5. Sheppard 2000 27 75280 0421 1528
Sothers

Sinope S.Nichalson 1914 38 23,939,000 72458 0250 1581

Hegemone S, Sheppard 2003 3 23,947,000 739.6R 0328 1552
Sothers

Aoede S.Sheppard 2003 1 23,981,000 7615k 0432 1583
Sothers

Kallichore 5. Sheppard 2003 2 27 20,043,000 7647R 0261 1655
Sothers

S2003)23 S Sheppard 2003 2 26 20,055,500 732.4R 0309 1492
Sothers

52003)5 S Sheppard 2003 4 24 24,084,180 759.7R 0210 1650
Sothers

Callirthoe  Spacewatch 1999 9 207 24,102,000 758.5R 0283 T

2003710 S Sheppard 2003 2 26 24,249,600 767.0R 0214 1611

Sothers

Cyllene 5. Sheppard 2003 2 20,349,000 737.8R 0319 193
Sothers

Kore S.Sheppard 2003 2 26 24,543,000 7792k 0325 1150
Sothers

S2003)2 S Sheppard 2003 2 28,570,410 9825R 0380 1518

Sothers
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Satellite  Discoverer  Yearof  Diameter Visual Distance  Orbital  Orbitalecc.  Orbital inc.

discovery  (km) magnitude  (km) period (d) (degrees)

Naiad RTerile/ 1989 EY 201 w827 029 oom a7
Voyager 2

Thalasa  RTerrle/ 1989 80 54 0075 031 000 02
Voyager 2

Despina S.mot/ 1989 148 20 2,526 0000 01
Voyager 2

Galatea Ssmon/ 1989 158 20 61953 043 oom 01
Voyager 2

Larissa H.Reitsema 1989 192 215 s 05 000 02
&others

Proteus St/ 1989 a6 200 e L2 oo 00
Voyager 2

Tiiton W Lasell 1846 2707 130 BAT60  SER 0000 1568

Nereid G Kuiper 1919 310 192 5513400 3601 0751 72

Halimede M. Holman & 2002 o 25 15728000 1897R 0571 1341
others
M. Holman & 2002 W0 254 000 29141 0293
others

Laomedeia M. Holman & 2002 W 54 57,000 3167.9 024 347
others

Pamathe S Sheppard 2003 3 256 4669500 915K 045 1374
&others

Neso M. Holman & 2002 0 26 ABIT00 9TAR 0495 1326

athers
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Luna 18
Luna 19
Luna 20

Apollo 16

Apollo 17
Luna21/

Lunokhod 2
Explorer 45

Luna22
Luna23
[Unnamed]
Luna 24

Galileo
Hiten / Hagomoro
Clementine
Cassini- Huygens
Lunar Prospector
Nozomi
SMART-1

Kaguya (SELENE)
Chandrayaan-1
Change-1

Lunar
Reconnaissance
Orbiter

LCROSS
Change-2

USSR
USSR
USSR

us

us
USSR
us
USSR
USSR
USSR
USSR
us
Japan
us
USESA
us
Japan
EsA
Japan
Inda
China
us

us
China

2 Sept 1971
28 Sept 1971
14 Feb 1972

16 April 1972

7 Dec 1972
8an 1973

10 June 1673
29 May 1974
280ct 1974

16 Oct 1975
9 Aug 1976

15 Oct 1989

24 Jan 1990

25 Jan 1994

15 Oct 1997

7an 1998

3 July 1998

27 Sept 2003

14 Sept 2007

22 0ct 2008

24 Oct 2007

18 June 2009

18 June 2009
1 October 2010

Sample return
Orbiter
Sample return

Orbiter / subsatellte / lander
/ rover/ sample return

Orbiter / ander / rover/
sample return
Lander / rover

Orbiter

Orbiter
Sample return
Sample return
Sample return

Venus, Earth and asteroid
fybys,Tupiter orbiter / probe
Circumlunar / arbiter

Lunar orbiter / asteroid flyby
Venus, Earth and asteroid
fiybys, Saturn orbiter, Titan
probe / lander

Orbiter

Earth-Moon flybys, Mars
orbiter

Orbiter

Orbiter / 2 subsatelltes
Orbiter / Moon impactor
Orbiter

Orbiter

Impactor
Orbiter

Contact lost during descent
Arrived 2 Oct. Operated until Oct 1972

Landed on Sea of Fertilty 21 Feb. Returned to Earth 22
Feb with 55g (2 02) of il

Arrived 19 April. Returned to Earth 24 April Landed at
Descartes 20 April Released subsatellite 24 Apri. Crew:
‘Young, Duke, Mattingley

Arived 10 Dec. Returned to Earth 14 Dec. Landed at
Taurus-Littrow 11 Dec. Crew: Cernan, Schmitt, Evans

Landed 15 Jan. Rover operated until 9 My, ravelling
37km (23ml)

Arrived 15 June. No lunar data - conducted studies of
radio emissions from distant sources. Operated until
June 1675

Arived 2 June. Operated until 2 Sept 1975

Damaged during landing on & Nov. Contact lost 9 Nov
Failed to reach Earth orbit

Landed on Sea of Crises 18 Aug. Returned to Earth 19
Aug with 170 of soil

Moon fiyby 8 Dec 1990 at distance of 565,000 km; Moon
lyby 8 Dec 1992 at distance of 110,000km

First flyby 19 March at distance of 16,742kem; orbiter
released but contact lost

Arrived at Moon 19 Feb, Operated until 3 May

Moon fiyby 18 Aug 1999 at distance of 377,000km

Arived 11 Jan. Deliberately crashed on Moon 31 July.
1999

Moon fiyby 24 Sept 1998 at distance of 2809km; 2nd
Ayby 18 Dec 1998 at distance of 1003km

Arrived 15 Nov 2004, Deliberately crashed on Moon 3
Sept 2006

Arived 3 Oct. Released subsatellites on 9 and 12 Oct.
Deliberatel crashed on Moon 11 June 2009

Arived 8 Nov: Moon Impact Probe hit surface on 14
Nov Radio contact lost an 28 Aug 2009

Arived 5 Nov. Deliberately crashed on Moon 1 March
2009,

Arived 23 June 2009

Impacted Cabeus crater on 9 Oct. 2009
Arived 9 Oct. 2010, Left lunar orbit  June 2011.
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Name  Country Launch Purpose

Results

Date
oyager2 US 20Aug  Jupiter,  Neptune
1977 Sawm, flyby 25 Aug
Uranusand 1989
Neptune

fybys
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Name Launch Date Purpose Results
sputnik 7 4 Feb 1961 Impact Did not reach Earth orbit

Venera 1 12 Feb 1961 Impact Contactlost 22 Feb 1961

Mariner 1 22 July 1962 Hyby Did not reach Earth orbit

Sputnik 19 Aug 1962 Impact Failed to leave Earth orbit

Mariner 2 27 Aug 1962 Hy Flyby 14 Dec 1962.

Sputnik 20 1 Sept 1962 Fiyby Failed to leave Earth orbit

sputnik 21 12 Sept 1962 Fiyby Destroyed in Earth orbit

(Unnamed] 19 Feb 1961 Hyby Did not reach Earth orbit

(Unnamed] 1 March 1961 Fiyby Did not reach Earth orbit

Kosmos 27 27 March 1961 Atmospheric probe  Failed to leave Earth orbit

zond 1 2 April 1964 Atmospheric probe  Contact lost 25 Ma

Venera 2 12 Nov 1965 Fiyby Flyby 27 Feb 1966, no return of data
Venera 3 16 Nov 1965 Atmospheric probe  Arrived 1 March 196, no return of data
Kosmos 96 23 Nov 1965 Fiyby Failed to leave Earth orbit

Venera 4

12 June 1967

Atmospheric probe

Arrived 18 Oct 1967, sent back data for 93 minutes
during descent

Mariner 5

Kosmos 167

Venera 5

Venera 6

Venera 7

Kosmos 359

Venera §
Kosmos 452

Mariner 10
Venera 9

Venera 10

Pioneer Venus 1
Pioneer Venus 2

Venera 11

Venera 12

Venera 13

Venera 14

Vega |

Vega 2

Galileo

Cassini-Huygens

MESSENGER

Venus Express
Akatsuki

USSR

USSR

USSR

us
s

USSR

USSR

USSR

us

EsA
Japan

14 June 1967
17 June 1967
5Jan1969

10 Jan 1969

17 Aug 1970
22 Aug 1970
27 March 1972

31 March 1972

4 Nov 1973
8 June 1975

14 June 197

20 May 1978
8 Aug 1978

Sept 1978

14 Sept 1978

300ct 1981

4 Now 1981

7 June 1983

15 Dec 1984

21 Dec 1984

4 May 1989

18 0ct 1989

50ct 1997

3 Aug 2004

9 Nov 2005
21 May 2010

Fiyby
Atmospheric probe
Atmospheric probe

Atmospheric probe

Atmospheric probe /
lander

Atmospheric probe /
lander

Aumospheric probe /
lander

Atmospheric probe /
lander

Venus | Mercury fiybys
Orbiter /lander

Orbiter /lander
Orbiter

Main bus /4
atmospheric probes

Orbiter / lander
Orbiter / lander

Fiyby /lander

Fiyby /lander
Onbiter

Orbiter

Fiyby /lander / balloon;
comet Halley fyby

by /lander / balloon;
comet Halley by
Onbiter

Venus, Earth and
asteroid flybys, Jupiter
orbiter / probe
Nenus, Earth and
asteroid flybys, Saturn
orbite, Titan probe /
lander

Venus fiyby / Mercury
orbiter

Orbiter

Orbiter

Fiyby 19.0ct
Failed to

we Earth orbit
Aerived 16 May 1969, sent back data for 53 minutes
during descent

Artived 17 May 1969, sent back data for 51 mines.

during descent

Landed on 15 Dec 1970, sent back data from surface for

23 minutes

Failed to leave Earth orbit

Landed on 22 July 1972, sent back data from surface for
50 minutes
Failed to leave Earth orbit

Venus flyby 5 Feb 1974
Arrived 22 Oct 1975, Lander sent back data from
surface for 53 minutes, including first photo
Arrived 25 Oct 1975, Lander sent back data from
surface for 63 minutes, including a photo.
Arrived 4 Dec 1978, Operated until 8 Oct 1992
Arrived 9 Dec 1978, Day probe
surface for 67 minutes

Arrived 25 Dec 1978, Lander se
surface for 95 minutes

back data from

back data from

Artived 9 Dec 1975, Lander sent back data from surface
for 110 minutes

Arrived 1 March 1952. Lander sent back data from
surface for 127 minu
Arrived 3 March 1982. Lander sent back data from
surface for 57 minutes, including 8 colour photos
Arrived 10 Oct 1983, Mapped N. hemisphere with radar
wntil 10 July 1984

Arrived 14 Oct 1983. Mapped N. hemisphere with radar
wntil 10 July 1984

Venus flyby and landing 11 June 1985. Lander sent back
56 minutes of data. Balloon operated until 13 Jun

s, indlu

188 colour photos.

Venus flyby and landing 15 June 1985. Lander sent back
57 minutes of data. Balloon operated until 17 Jun

Arrived 10 Aug 1990. Mapped planet with
operational until 12 Oct 1991
nus lyby 10 Feb 1990

nd 24 June 1999

Venus flybys Oct 2006 and June 2007

Arrived 11 April 2006
Failed to enter orbit 7 Dec 2010
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Name Country LaunchDate  Purpose Results

New Horizons us 19 Jan 2006, Pluto, Kuiper Belt object fiybys ~ Pluto-Charon flyby 14 July 2015; KBO
flybys 2016 10 2020
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Satellite  Discoverer  Yearof  Diameter (km) Visual Distance ~ Orbital  Orbital ecc.  Orbital inc.
magnitude  (km) period (d) (degrees)

Metis SSpott/ 1979 m 175 28000 0204 0001 00
Voyager 2

Adrastea D.Jewitt 1979 13x10x8 18 28900 0208 0002 00
Daniclson

Amalthes  EBamard 1892 70x165%150 141 1400 048 0003 04

Thebe SSpott/ 1980 Hexosxss 160 2190 068 o018 1
Voyager 1

Io Galileo 1610 3643 50 aoLe0 177 0004 00

Buopa  Galikeo 1610 a2 53 671,100 0009 05

Gampmede  Galikeo 1610 526 46 1,070,400 0001 02

Gallito Galikeo 1610 w1 57 1,882,700 0007 03

Themisto  C.KowalE. 1975 s 210 1300 0202 a1
Roemer

Leda C. Kowal 1974 1 195 1,165,000 2409 0164 75

Himalia  C.Perrine 1904 160 16 1461000 2506 0162

Iysthea S Nichobon 1938 3 183 1,717,000 259 o1 !

Ehra CoPerrine 1905 n 163 1741000 2596 0217 266

2000711 5. Sheppard 2000 1 24 12,555,000 2670 0248 3
& others

Carpo S Sheppard 2003 3 22 16,989,000 4361 0430 En
& others

200313 S Sheppard 2003 2 28 18,339,885 S8R 0241 137
& others

2003712 S. Sheppard 2003 1 29 19,002,480 5333 1458
& others

Buporie S Sheppard 2001 1 21 19302000 SR 0144 1458
& others

01072 C. Veillet 2010 1 29 2,307,150 S8R 0307 1504

2003718 B.Gladman 2003 2 24 20,700,000 €063 0119 1465
& others

Orthosie 5. Sheppard 2001 1 21 20,721,000 0281 1459
& others

Buanthe 5. Sheppard 2001 3 28 20,799,000 €06k 0232 1489
& others

Thyone S Sheppard 2001 s 23 20,940,000 1485
& others

2003716 B.Gladman 2003 2 233 21,000,000 027 1486
& others

Mneme S Sheppard 2003 2 23 21,069,000 62008 1486
& others

Harpalyke 5. Sheppard 2000 1 22 2110500 €33R 026 1486
& others

Hermippe 5. Sheppard 2001 s 21 213,000 35K 0210 1507
& others

Praxidike 5. Sheppard 2000 7 212 2,147,00 €53 0230 1400

&others
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Name Country Launch Date  Purpose Results
(Unnamed] USSR 1001960 Fyby Did not reach Earth orbit
(Unnamed] USSR 1401960 Fyby Did not reach Earth orbit
(Unnamed] 210 1962 Achicved Earth orbit only
Mars 1 1 Nov 1962 Radio faild at 106 million kn (65.9 million mi)
(Unnamed] USSR 4Nov 1962 Achieved Earth orbit only
Mari s 5 Nov 1964 Launcher shroud faiked to jettison
Mariner 4 s 28 Nov 1961 First successful Mars flyby 14 July 1965, Retarned 21 photos
Zond 2 USSR 30 Nov 1964 Passed Mars but radio faled. Returned no planctary data
Mariner 6 us 24 Feb 1969 Mars flyby 31 July 1969. Returned 75 photos
Mariner 7 s 27 March 1969 Fiyby Mars flyby 5 Aug 1969. Returned 126 photos
(Unnamed] USSR 27 March 1969 Orbiter Did not reach Earth orbit
(Unnamed] USSR 2apil 1969 Orbiter Did not reach Earth orbi
Mariner § s SMay 1971 Orbiter Failed during launch
Kosmos 419 USSR 10May 1971 Orbiter Achieved Earth orbit only
Mars 2 USSR 19May 1971 Orbiter / lander Arrived 27 Now 1971, no useful data,lander burned up due
o steep entry
Mars 3 USSR 28May 1971 Orbiter / lander Arrived 3 Dec 1971, lander operated on surface for 20
scconds before failing,
Mariner 9 s 30May 1971 Orbiter Arrived 13 Now 1971 End of mission 27 Oct 1972, Returned
7329 photos
Mars 4 2y 1973 Orbiter Flew past Mars 10 Feb 1974
Mars 5 2Jly1973 Orbiter Arrived 2112/74,lasted a few days. Returned 43 photos
Mars 6 5 Aug 1973 Flyby module /lander  Arrived 12 March 1974, lander faild due to fast impact
Mars 7 9Aug1973  Fiyby module /lander  Arrived 9 March 1974, lander missed the planet
Viking 1 20Aug 1975 Orbiter /lander Asrived 19 June 1976. Orbiter operated unil 7 Aug 1980.
Lander operated on surface 20 July 1976 10 13 Nov 1982
Viking 2 s 9Sept 1975 Orbiter /lander Arrived 7 Aug 1976, Orbiter operated until 24 Jly 1975,
Lander operated on surface 3 Sept 1976 to 11 April 1980
Viking orbiters and landers retarned 50,000+ photos
Phobos | 7)uly 1988 Mars/ Phobos orbiter /  Contact lost 29 Aug 1988 en roue to Mars
lander
Phobos 2 USSR 12July 1988 Mars/ Phobos orbiter /  Contactlost 27 March 1989 near Phobos. Returned photos
lander of Mars and Phobos
Mars Observer — US 255pt1992  Orbiter Contact lost just before Mars arival 21 Aug 1993
Mars Global s 7Nov1996  Orbiter Arrived 12 Sept 1997, Contact lost 2 Nov 2006
surveyor
Mars 96 Rusia  16Nov199  Orbiterand landers  Did not reach Earth orbi
Mars Pathfinder US| 1Dec199%6  Lander / rover Landed 4 July 1997, operated wnil 27 Sept 1997
Nozomi Japan  4Tuly 1998 Earth-Moon flybys,  Mars flyby 14 Dec 2003 at distance of 1000km. No Mars data
Mars orbiter retumed
Mars Climate s 1 Dec 1998 Orbiter Contact lost on arrival, 23 Sept 1999
Orbiter
Mars Polar Lander ~ US 3an 1999 Lander / penetrators  Contact lost on arrival 3 Dec 1999
/ Decp Space 2
Mars Odysey  US 7 March 2001 Orbiter Arrived 24 Oct 2001, stll operational
Mars Express/  ESA 20ane2003  Orbiter /lander Orbiter arived 25 Dec 2003, still operational. Lander lost
Beagle 2 during entry 25 Dec 2003
Mars Exploration  US 10June 2003 Lander / rover Landed 4 Jan 2004, lost contact 22 March 2010
Rover A (Spirit)
Mars Exploration  US 7hily2005 Lander / rover Landed 25 Jan 2004, still operational
Rover B
(Opportunity)
Mars s 12Aug2005  Orbiter Arived 10 March 2006, till operational.
Reconnaissance
Orbiter
Rosctta/Philae  ESA 20Fb2000  Earth, Mars and Fiyby 25 Feb 2007
asteroid flybys: comet
orbiter / lander
Phoenix s AAUE2007  Lander Arrived 25 May 2008, contact lost 2 Now 2008
Dawn s 27 5pu 2007 Dualaseroid orbiter  Fiyby 17 Feb 2009
Mars Science s Nov2011 (@) Lander / rover Arrival due Aug 2012
Laboratory
Phobos-Grant/  Russis/ Nov2011 (¢)  Phoboslanderand  Arrival due Oct 2012

inghuo-1

sample return/Mars
orbiter
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Name Country  LaunchDate  Purpose Results
Sputnik 7 Ussk 4 Feb 1961 Impact Did not reach Earth orit
Venera 1 Ussk 12 Feb 1961 Impact Contactlost 2 Feb 1961
Mariner 1 us 2 luy 1962 Fiyby Did not reach Earth orbit
Sputnik 19 Ussk 25 ug 1962 Impact Failed to lave Earth orbit
Mariner 2 us 27 Aug 1982 Fyby Fiyby 14 Dec 1962.
Sputnik 20 Ussk 1 Sept 1962 Fyby Failed to lave Earth orbit
Sputnik 21 Ussk 12 5ept 1962 Fyby Destroped in Earth orbit
[Unnamed] Ussk 19 Feb 1964 Fyby Did not reach Earth orbit
[Unnamed] Ussk 1 March 1964 Fyby Did not reach Earth orbit
Kosmos 27 Ussk 27March 1961 Atmospheric probe  Failed to leave Earth orbit
Zond 1 Ussk 2 April 1964 Atmospheric probe  Contactlost 25 May
Venera 2 Ussk 12Nov 1965 Fiyby Fiyby 27 Feb 1966, no return of data
Venera 3 Ussk 16 Nov 1965 Atmospheric probe  Arrived 1 March 1966, no return of data
Kosmos 96 Ussk 2 Nov 1965 Fiyby Failed to lave Earth orbit
Venera 4 Ussk 12 June 1967 Atmospheric probe  Arrived 18 Oct 1967, sent back data for 93 minutes
during descent
Mariner 5 us 14 June 1967 Fiyby Fiyby 19 Oct
Kosmos167 USSR 17 June 1967 Atmospheric probe  Failed to leave Earth orbit
Venera 5 Ussk S Jan1969 Atmospheric probe  Arrived 16 May 1969, sent back daf for 53 minutes
during descent
Venera s Ussk 10Jan 1965 Atmospheric probe  Arrived 17 May 1969, sent back daa for 51 minutes
during descent
Venera 7 Ussk 17 Aug 1970 Atmospheric probe /  Landed on 15 Dec 1970, sent back data from surfuce for
lander 25 minutes
Kosmos39 USSR 2 aug 1970 Atmospheric probe / Failed to leave Earth orbit
hander
Venera s Ussk 27March 1972 Atmospheric probe /  Landed on 22 July 1972, sent back data from susface for
hander 50 minutes
Kosmosds2 USSR 3 March 1972 Atmospheric probe/  Failed to eave Earth orbit
lander
Mariner 10 us 4Nov 1973 Venus / Mercury fiybys  Verus flyby 5 Feb 1974
Venera 9 Ussk 8 une 1975 Orbiter / ander Arrived 22 Oct 1975, Lander sent back data from
surfuce for 53 minutes, ncluding fist photo
Venera 10 Ussk 14 June 1975 Orbiter / ander Arrived 25 Oct 1975, Lander sent back data from
surfuce for 65 minutes, including a photo
Pioncer Venus 1 US 20 May 1978 Orbiter Arrived 4 Dec 1975, Operated until 8 Oct 1992
Pioncer Venus 2 US 5 Aug 1978 Main bus /4 Arrived 9 Dec 1978, Day probe sent back data from
atmospheric probes  surace for 67 minutes
Venera 11 Ussk 9 Sept 1978 Orbiter / ander Arrived 25 Dec 1975, Lander sent back data from
surfuce for 95 minutes
Venera 12 Ussk 14 Sept 1978 Orbiter / ander Arrived 9 Dec 1975, Lander sent back data from surface
for 110 minutes
Venera 13 Ussk 30 0ct 1981 Fiyby / nder Arrived 1 March 1982, Lander sent back data from
surfuce for 127 minutes including 8 colour photos
Venera 14 Ussk 4Nov 1981 Fiyby / nder Arrived 3 March 1982, Lander sent back data from
surfuce for 57 minutes, including & colour photos
Venera 15 Ussk 2June 1983 Orbiter Arrived 10 Oct 1983, Mapped N. hemisphere with radar

until 10 July 1984
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Name Country  Launch Date  Purpose Results
International Cometary ~ US 12Aug 1978 Study of solar wind etc. from  Flyby of Giacobini-Zinner 11 Sept 1985;
Explorer L1 comet flyby distant flyby of Halley 28 March 1986
Vega 1 USSR 15Dec 1984 Fiyby /lander / balloons comet  Halley lyby 6 March 1986,
Halley fiyby
Vega2 20Dect98t Fiyby /lander /balloon: comet  Halley flyby 9 March 1986
Halley fiyby
Sakigake Japan 7Jan 1985 Comet and Earth flybys Halley lyby 11 March 1986
ESA 2 uly 1985 Cometand Earth fybys Hally flyby 14 March 1986; Grig;
skicllerup flyby 10 Juy 1992
Sui Japan 18 Aug 1985 Cometflyby Halley flyby § March 1986
Deep Space 1 s 20001998 Asteroid and comet flybys Fiyby of Borelly 22 Sept 2001
Stardust / NEXT Us 7Eb 1999 Earth, aseroid and comet Fiyby of Wild 2 on 2 Jan 2004, Returned
flybys / comet sample return mple capsule (o Earth 15 Jan 2006. Fiyby
of Tempel 1 on 14 Feb 2011
Rosetta / Philae Esh 24Feb2004 Earth, Mars and asteroid Asrival at Churyumov-G
flybys: comet orbiter /lander  2014;kanding Nov 2014
Deep Impact / EPOXI US 12Jn 2005 Fiyby /impact Flyby / impact at Tempel 1 on 4 July 2005,

Fiyby of Hartley 2 on 4 Nov 2010
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Core 025 157 million 15020 Radiative

Radiative zone 2570 7-2 million 20-02 Radiative

Convective zone 70-100 2 million-5700 02-00000002 Comvective
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Satellite  Discoverer Yearof  Diameter (km)  Visual Distance  Orbital  Orbital ecc.  Orbital inc.
discovery magnitude (k) period (d) (degrees)

Phobos  A. Hall 1877 Bax12x92 114 9380 03 0015 In
Deimos A, Hall 1877 75x61x52 125 a6 13 00005 18
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Satellite

Orbital ecc. Orbital

(degrees)

Cordelia RTerik/ 196 W 26 w800 04 000 01
Voyager2

Ophlia RTesik/ 1956 2 23 S0 04 o0l 01
Voyager 2

Banca BASmith/ 1956 s1 25 20 04 o0l 02
Voyager2

Cressida Ssmott/ 1586 w0 216 aLg0 05 0o 00
Voyager 2

Desdemona  S.Snott/ 1986 o 20 @m 05 oo o1
Voyager2

uliet Ssmott/ 1586 o4 211 s40 05 o001 o1
Voyager2

Portia Ssmott/ 1586 135 204 100 05 0000 o1
Voyager 2

Rosilind Ssmott/ 1586 n 218 @0 06 0000 03
Voyager 2

Cupid M. Showalter, 2003 u 260 4800 06 0000 00
1. Lisser

Belinda Ssmott/ 1586 81 25 75300 06 0000 00
Voyager2

Perdita E Karkoschla 1999 B 26 6400 06 0000 00
IVoyager 2

Puck Ssmott/ 1985 102 198 s000 08 0000 03
Voyager2

Mab, M. Showalter, 2003 2 260 o7 09 0o 00
1. Lisser

Miranda GKuper 1948 an 158 2900 14 ool 4

Ariel Wolasell 1851 1158 157 90900 25 o001 00

Unbricl Wolasell 1851 119 s w600 41 000 o1

Tiania W.Herschel 1787 1578 155 #6300 87 000 01

Oberon W.Herschel 1787 1523 157 s3500 135 0001 o1

Frncisco  M.Holman, 2001 2 250 4276000 266R 0l6 1452
1. Kavlaars

Calban B.Gldman & 1997 n 24 7BL00 TR 015 1409
others

Stphano B.Gladman& 1999 2 21 5004000 &774R 023 141
others

Trinculo M. Holman& 2001 1 254 5504000 7OR 0208 1670
others

Sycorax B Gldman & 1997 150 08 12179000 12883 052 1594
others

Margaret Dlewits. 2001 2 252 14345000 16945 0783 507
Sheppard

Prospero M. Holman & 1999 s0 22 16256000 19773R 0445 1520
others

setebos I Kavlaars & 1999 v 23 7415000 23R 0591 1582

others
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Name Country  LaunchDate  Purpose Results
Pioneer 11 us €Al 1973 Jupiter and Saturn fiybys Saturn fiyby 1 Sept 1979
Voyager 2 us 20Aug 1977 Jupiter, Saturn, Urans and Neptune fyby Saturn flyby 22 Aug 1981
Voyager | us 5 Sept 1977 Jupiter and Saturn flybys Saturn fiyby 12 Nov 1980
Cassini-Huygens  USESA 15011997 Venus, Eanth and asteroid flybys, Saturn orbiter,  Orbiter arrived 1 July 2004

i probe / lander

still operational. Huygens
landing on Titan 14 Jan 2005
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Name  Country Launch Purpose  Results
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Voyager2  US 200 Jupiter, Uranus
1977 Satun, fiyby 24
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Name Country Launch Date  Purpose Results
[Unnamed] USSR 100ctisa0  Figby Did not reach Earth orbit
[Unnamed] USSR 140ctisa0  Figby Did ot reach Earth orbit
[Unnamed] USSR 240ctise  Figy Achieved Earth orbit only
Mars1 USSR INevise  Figby Radio uled at 106 million kn (65.9 millon )
[Unnamed] USSR 4Novis2  Figy Achieved Earth orbit only
Mariner 3 s SNovisss  Fiby Launcher shroud filed to jetison
Mariner s 28Novioes  Fiby Firstsuccessul Mars by 14 Jly 1965, Retuned 21 photos
Zond 2 USSR 3oNovises  Fiyby Passed Mars but radio filed. Retumed no planetary data
Mariner 6 s 2Fb 196 Fiyby Mars fyby 31 uly 1969. Returned 75 photos
Mariner 7 s March 1969 Fiyby Mars fyby 5 Aug 1969, Returned 126 photos
[Unnamed] USSR 27 March 1969 Orbiter Did not reach Earth orbit
[Unnamed] USSR 24pril1oe9  Orbiter Did not reach Earth orbit
Mariner § s 8May1971  Ombier Failed duing lunch
Kosmos 419 USSR 10May1s71 Orbiter Achieved Earth orbit only
Mars2 USSR 19May1971  Orbier/ lander Artived 27 Nov 1971, no useful data, lander burned up due
o steep entry
Mars3 USSR 28May1s71  Orbiter, lander Artived 3 Dec 1971, lander operated on surface for 20
seconds before faling
Mariner 9 s 30May 1971 Obiter Artived 13 Nov 1971, End of mission 27 Oct 1972, Returned
7329 photos
Mars 4 USSR 20juy 1973 Orbiter Flew past Mars 10 Feb 1974
Mars5 USSR 2shiy1o7s Orbiter Artived /12174, lasted a i cays. Returned 43 photos
Mars6 USSR 5Augis?s  Fiybymodule /lander  Arived 12 March 1974, lander i due o fst impact
Mars7 USSR 9Augio7s  Fybymodule /lander  Arrived 9 March 1974, lander missed the planet
Viking 1 s 20Aug1975  Onbiter/ lander Artived 19 June 1976, Onbter operated unti 7 Aug 1950,
Lander operated on surfce 20 July 1976 to 13 Nov 1982
Viking 2 s 9Sept1975  Obter/ lander Artived 7 Aug 1976, Orbite operted until 24 July 1975,
Lander operated on surface 3 Sept 1976 o 11 April 1950,
Viking orbiters and landers returned 50,000+ photos
Phobos 1 USSR 7Juy1o88  Mars/Phobos orbiter/  Contactlost 29 Aug 1988 e rue to Mars
lander
Phobos 2 USSR 12July198  Mars/ Phobos orbiter/  Contactlos 27 March 1989 near Phobos, Returned photos
lander of Mars and Phobos
Mars Observer  US 255ept1oe2 Obter Contact lost just before Mars arival 21 Aug 1993
Mars Global s TNovisos  Obter Artived 12 Sept 1997. Contact lst 2 Nov 2006
Surveyor
Mars 96 Rusia  16Nov19%  Ombiterandlanders  Did ot reach Earth orbit
Mars Pabfinder  US 14Dec 1996 Lander/ rover Landed 4 July 1997, operated until 27 Sept 1997
Nozomi Jpan  4Juy1998  EanhMoonflybys,  Mars by 14 Dec 2003 at distance of 1000km. No Mars data
Mars arbiter retumed
MarsClimate  US 1Dec 1998 Orbiter Contact lost on arrival 23 Sept 1999
Orbier
Mars Polar Lander  US 31999 Lander/penetrators  Contactlost on arval 3 Dec 1999
1 Deep Syace 2
MarsOdyssey  US 7March 2001 Obiter Artived 24 Oct 2001, still operatonl
MarsExpress/  ESA 2June2003  Orbiter/ lander Orbiter arived 25 Dec 2003, sl operationl. Lander lst

Beagle 2

during entry 25 Dec 2003
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Name Launch Date  Purpose Results
joneer 0 17Aug 1958 Orbiter Launch failure
(Unnamed] 235ept1958  Impac Launch failure:
foncer 1 110ct 1958 Obiter Failed to reach escape velocity
(Unnamed] 110ct 1958 Impact Failed 10 reach escape velocity
Pioneer 2 8 Nov 1958 Obiter Failed t0 reach escape velocity
(Unnamed] 4Dec 1958 Impact Launch failure:
Pioneer 3 6 Dec 1958 Fyby Failed t0 reach escape velocity
Luna | 2Jan 1959 Impact Lunar flyby at distance of 6400k on 4 Jan 1959
Pioneer 4 3March 1959 Fyby Lunar flyby 4 March 1959 at distance of 59, 545km
(Unnamed] I8June 1959 Impact Launch failure:
Luna 2 125ept1959 Impact Lunar impact
Luna 3 40ct 1959 Circumlunar Fiyby at distance of 7900km on 6 Oct
Pioneer P-3 26Nov1959  Orbiter Launch failure

(Unnamed] 15Apel 1960 Circumlunar Faled o reach scape selociy
(Unnamed] 19 April 1960 Circulunar Launch filure
foner P-30 2SI Orbiter Launch filure
oneer P31 15Dec1960  Orbier Launch filure
Ranger 3 Whn 1962 Impact Hyby on 28 Jan at disance of 36,793k
Ranger 4 Bapil 1962 Impact Impacton lunar farsid 26 Aprl. No data
Ranger 5 1801 Impact Fiyby on 21 Oct at distance of 724km
(Unnamed] 4Jan 1963 Lander Faled o leave Earth orbit
(Unnamed] 3Feb 1963 Lander Launch filure
Luna 4 2aprl 1963 Lander Fiyby on 6 Apila distance of $500km
Kosmos 21 NNovisss  Fyby Faled o leave Earth orbit
Ranger 6 S0%n16 Impact Impact 2 Feb, No data eturned
(Unnamed] 20 March 1964 Lander Failed 0 reach Earth orbit
(Unnamed] 20Apil 1968 Lander Launch filure
Ranger 7 Whiy1961 Impact Tmpact 31 by Returned 4316 pictures
Ranger 8 VED 16 Impac Impact 20 Feb. Returned 7137 pictures
Ranger 9 20 March 1965 Tmpact Impact 24 March. Returned 5914 pictures
(Unnamed] 10Apel 1965 Lander Faled o reach Earth orbit
OMay 1965 Lander shed on lunar surface
Shune 196 Lander Fiyby on 11 June at disance of 161,000k
I8y 1965 Fyby Hyby 20 July at distance of 9220km
40ct1965 Lander Crashed on lunar surface
Luna 8 3Dec1o6s  Lander shed on lunar surface
Luna 9 Shn1oes  Lander Landed on Ocean of Storms 3 Fb. Operated unil 6 F
Kosmos 111 IMarch 1966 Orbier Failed o leave Earth orbit
Luna 10 31 March 1966 Orbiter Artived 3 Apeil Operated until 0 May.
Surveyor 1 30May 1966 Lander Landed on Occan of Storms 2 June, Operated wntil 7 Jan
1967
Explorer 33 US 1y 1966 Orbiter Entered eccentric Earth orbit
Lunar Orbitr 1 US 0Aug 196 Orbitr Artived 14 Aug, Deliberately crashed on Moon on 29
o
Luna 11 2AwgIe  Orbiter Artived 27 Aug, Operated until 1 0ct
Surveyor 2 us 20Spu1ses Lander shed on lunar surface
Luna 12 201966 Orbier Artived 25 Oct, Operated until 19 Jan 1967
Lunar Orbiter 2 US GNovisss  Onbiter Artived 10 Nov. Deliberatly crashed on Moon on 11
Oct 1967
Luna 13 sk D196 Lander Landed on Occan of Storms 24 Dec. Operated until 28
Dec
Lunar Orbitr 3 US 5 Feb 1967 Orbiter Artived 7 Feb. Deliberately crashed on lunar suface 9
o
Surveyor 3 us 17 April 1967 Lander Landed on Occan of Storms 20 Apil. Operated untl
May
Lunar Orbiter 4 US AMay 1967 Orbiter Artived § May. Operated unil 17 Jly
Surveyor 4 us Ly 1967 Lander Contact lost during descent
Lunar Orbitr 5 US 1 Aug 1967 Onbiter Atived 5 Aug Deliberately crashed on Moon 31 Jan
1968
Surveyor 5 us SSepro7  Lander Landed on Sca of Tranquillty 11 Sept. Operated untl 16
Dec 1967
Surveyor & us TNovios7  Lander Landed on Central Bay 10 Nov. Operated until 24 Nov
Surveyor 7 us 7)an 1968 Lander Landed nest Tycho 10 Jan. Operated untl 21 Feb
Luna 14 7aprl 1968 Orbiter Artived 10 April. Operated until June/luly
Zond 5 1 SepUIss  Circulunar Hyby 18 Sep at distance of 1950km
Zond 6 10Nov 1965 Circumlunar Fiyby 14 Nov a distance of 2420km
Apollo 8 2Deciss  Onbiter Artived 24 Dec. Returned to Earth 25 Dec. Crews
Borman. Lovel, Ande
(Unnamed]  UssR DFb196  Lander  rover Launch filure
(Unnamed] USSR Ve 1969 Sample return Faled o reach Earth orbit
Apollo 10 us 18May 1969 Orbiter Artived 21 May. Returned to Earth 24 Ma
Stafford, Young, Cernan
Ussk 1Ry 1969 Sample return shed on lunar surface
Apolo 11 us 16July 1969 Orbiter/lander /sample  Arrived 19 July. Returned to Earth 21 July Landed on

nd7
Kosmos 300
Kosmos 305
Apollo 12
(Unnamed] USSR
Apollo 13 us
Luna 16 UssR
Zond 8 USSR
Luna 17/ Ussk
Lunokhod 1
Apollo 14 us
Apollo 15 us
Luna 18
Luna 19
Luna 20
Apollo 16 us
Apollo 17 us

USSR

Lunokhod 2

plorer 49 us

Lu
Luna 23

(Unnamed]
Luna

Hiten / Hagomoro Japan

Clementine us

Cassini-Huygens  US/ESA

L

Prospector US

Nozomi Japan

20ct 1969
14 Nov 1969

6 Feb 1970
11 April 1970

12 Sept 1970

200ct 1970
10 Nov 1970

31an 1971

26 Jly 1971

pt1971
28 Sept 1971
14 Feb 1972

16 April 1972

7Dec 1972
8 Jan 1973

10 June 1973
20 May 1974
20a 1974
16 0ct 1975
9 Aug 1976

18 0ct 1989

24Jan 1990

5 Jan 1994
15 0ct 1997

7 Jan 1998

cumbunar

Sample return
Sample return

Onbiter / lander / sample.

Sample return

Onbiter /lander / sample
return

Sample return

Circumbunar
Lander / rover

Orbiter /lander / sample

Orbiter / subsatelite / lander
| rover/ sample return

Sample return
Obiter

Sample return

Orbiter / subsatelite / lander
| rover/ sample return

Orbiter / lander / rover/
sample return

Lander / rover

Obiter

Obiter
Sample return
Sample return
Sample return

Venus, Earth and asteroid
flybys,Jupiter arbiter / probe

Circumlunar / orbiter

Lunar orbiter / asteroid flyby
Venus, Earth and asteroid

flybys, Saturn orbiter, Titan
probe / lander

Obiter

Earth-Moon flybys
orbiter

Sea of Tranguility 20 July. Crew:
Collins

Fiyby 10 Aug at distance of 1200km
Failed to leave Earth orbit

mstrong, Aldrin,

Failed 10 reach Earth orbit
Artived 18 Nov. Returned to Earth 21 Nov. Landed on
Ocean of Storms 19 Nov. Crew: Conrad, Bean, Gordon
Failed to reach Earth orbit

Fiyby 14 April. Crew: Lovell, Haise, Swigert

Landed on Sea of Fertility 20 Sept. Returned to Earth 21
Septwith 101g (35 02) of soil

Fiyby 24 Oct at distance of 1200km

Landed 17 Nov. Rover operated until 14 Sept 1971,
travelling 1054km

Areived 4 Feb. Returned to Earth 6 Feb, Landed at Fra
Mauro 5 Feb. Creuw: Shepard, Roosa, Mitchell

Arrived 29 July. Returned to Earth 4 Aug Landed at
Hadley-Apennine 30 July Released subsatellte 4 Aug.
Crew: Scot, Iwin, Worden

Contactlost during descent
Artived 2 Oct. Operated uniil O

1972
Landed on Sea of Fertility 21 Feb. Returned to Earth 22
Feb with 55 (2 02) of soil

Arrived 19 April. Returned to Earth 24 April. Landed at
Descartes 20 April Released subsatellite 24 April. Crew:
Young, Duke, Matingley

Arrived 10 Dec. Returned to Earth 14 Dec. Landed at
Taurus-Littrow 11 Dec. Crew: Cernan, Schmitt, Evans.

Landed 15 Jan. Rover operated until 9 M
37km (23m)

Arrived 15 June. No lunar data - conducted studies of

ravelling

radio emissions from distant sources
June 197

Arrived 2 June. Operated until 2 Sept 1975

Damaged during landing on 6 Nov. Contact lost 9 Nov
Failed to reach Earth orbit

Operated uniil

Landed on Sea of Crises 18 Aug, Returned to Earth 19
Aug with 170g of soil

Moon flyby 8 Dec 1990 at distance of 563,000k Moon
flyby 8 Dec 1992 at distance of 110,000km

Firstflyby 19 March at distance of 16,742km; orbiter
released but contact lost

Artived at Moon 19 Feb, Operated until 3 May

Moon flyby 18 Aug 1999 at distance of 377,000km

oy crashed on Moon 31 July

Moon flyby 24 Sept 1998 at distance of 2809km; 2nd

flyby 18 Dec 1998 at distance of 1003km

ART-1 EsA
Kaguya (SELENE) Japan

Chandrayaan-1  India

Chang'e-1 China
Lunar us
Reconnaissance

Orbiter

LCROSS. us

Change-2 China

14 Sept 2007

220012008

200012007

18 June 2009

18 June 2009
1 October 2010

Obiter

Orbiter /2 subsatelltes

Orbiter / Moon impactor

Obiter

Obiter

Impactor
Onbiter

Arrived 15 Nov 2004, Deliberately crashed on Moon 3
Sept 2006

Artived 3 Oct. Released subsatelites on 9 and 12 Oct.
Deliberately crashed on Moon 11 June 2009

Artived & Nov. Moon Impact Probe hit surface on 14
Nov Radio contact lost on 28 Aug 2009

Artived 5 Now. Deliberately crashed on Moon 1 March
2009.

Arived 23 June 2009

Impacted Cabeus crater on 9 Oct. 2009
Arrived 9 Oct. 2010, Let lunar orbit 9 June 2011
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Satellite Discoverer ~ Yearof  Diameter Visual Distance  Orbital  Orbital ecc. Orbital inc.

discovery  (km) magnitude  (km) period (d) (degrees)

Condelia RTerrile/ 1986 W 236 980 04 0000 01
Voyager 2

Ophelia RTerrile/ 198 2 S.800 04 o001 01
Voyager 2

Bianca BASmith/ 1986 Bl 25 9200 04 0001 02
Voyager 2

Cressida SSmott/ 1986 0 26 aLs0 05 0000 00
Voyager 2

Desdemona  S.Symott/ 1986 o 20 @m0 05 0000 o1
Voyager 2

Juliet SSyott/ 1986 9 201 o400 05 0001 01
Voyager 2

Portia S.Syott/ 1986 135 100 05 0000 01
Voyager 2

Rosalind SSymou/ 1986 n 218 @90 06 0000 03
Voyager 2

pid M. Showalier, 2003 u 20 a0 06 0000 00

J. Lissauer

Belinda SSynott/ 1986 Bl 215 B30 06 0000 00
Voyager 2

Perdita E Karkoschka 1999 2 76400 06 0000 00
I Noager2

Puck SSyott/ 1985 162 198 86,000 08 0000 03
Voyager 2

Mab M. Showalter, 2003 2 260 97734 09 0000 00
J. Lissaver

Miranda GoKuiper 1948 an 129,900 14 0001 43

Arie W, Lassell 1851 158 190,900 25 0001 00

Unbriel W, Lassell 1851 16 2600 41 0004 o1

Titania W.Herschel 1787 1578 630 87 0001 01

Oberon WoHerschel 1787 153 S50 135 0001 01

Francisco M. Holman, 2001 2 4276000 2666R 046 1452
J. Kavelaars

Caliban B Gladman & 1997 n 723,000 5797R 109
others

Stephano B. Gladman & 1999 2 241 BO0LO00  G7TAR 023 [
others

Trinculo M. Holman & 2001 18 8504000 790K 0208 167.0
others

yeorax B. Gladman & 1997 150 12,179,000 12883R 1594
others

Margaret Dojewit,S. 2001 20 14345000 16948 0783 507
Sheppard

Prospero M. Holman & 1999 0 232 16256,000 19773R 0445 1520
others

chos . Kavelars & 1999 I 53 17418000 23R 0591 1582

others

Ferdinand M. Holman, 2001 2 3 20,901,000 2834R 0368 1698

B. Gladman
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Pluto Eris Makemake Haumea Ceres.
Equatorial diameter 2321 226 Approx. 1500 Approx. 1960 X 1520 909 x 975
(kam) x1000
Rotation period 6490 17m (R) 7ha6m 3hssm 9hsm
Density (water 205 Approx. 22 Approx. 2.6 208
Mass (Earth = 1) 00021 0000672 0000672 000015
Surface gravity 006 ' : 0027
(Earth=1)
Equatorial inclination 122 : : : Approx.3
(deg)
Orbital period (years) 5578 30988 254 46
Av. distance from Sun 10132 68503 684 a1
(million k)
0159 0189 008
296 2819 I
Av.orbital velocity. a2 31 119 4484 17582
(/)
Average temp. (°C) 38 -1 106
Atmosphere Nitrogen, methane? trogen, methane, 7 -
ethane?
Satelites 1 1 0 2 o
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Satellite  Discoverer  Yearof  Diameter  Visual Distance  Orbital  Orbitalecc.  Orbital inc.
discovery  (km) magnitude  (km) period (d) (degrees)

. Christy 1978 1207 173 17,53 639 0002 0001
HoWeaverS. 2005 I 24 w708 2486 0003 0195
Alan Stem &
others

SR0ULPL M. Showalter & 2011 : 261 56,000 : : :

(ba) others

Hyda  H.WeaerS. 2005 o1 2439 o 2 0005 0212
Alan Stem &

others
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Galle 1692 41,900-43,900 Approx. 2000 :
LeVerrier 2148 200 Approx. 110 :
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Unnamed (v. faint) 2501 61,950 i '
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Mariner 10 USA 3Nov 1973 Venus/ Mercury flybys Mercury flybys 29 March 19745 21 Sep 1974 16 Mar 1975
MESSENGER ~ USA 3Aug2004  Venus flyby, Mercury flybys /  Earth flyby 2 Aug 2005; Venus flybys 24 Oct 2006 and 6 June
orbiter 2007; Mercury flybys 14 Jan 2008, 6 Oct 2008 and 29 Sept

2009, Entered orbit 17 Mar 2011
BepiColombo  ESA/lapan 2014 (2) 2 orbiters (ESA and Japan)  Planned
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OEBPS/images/c05f002.jpg
SUPERIOR
CONJUNCTION

EASTERN
ELONGATION'

WESTERN
ELONGATION

INFERIOR
CONJUNCTIO}






OEBPS/images/c04f014.jpg





OEBPS/images/c03f001.jpg
~





OEBPS/images/c09f026.jpg





OEBPS/images/c13f008.jpg





OEBPS/images/c04f031.jpg





OEBPS/images/c07f052.jpg





OEBPS/images/c13f025.jpg





OEBPS/images/c12f012.jpg
PLUTO and CHARON






OEBPS/images/c02f041.jpg





OEBPS/images/bappx006.jpg
Hati
Besta
Farbauti
Thryme
si2007 53
Acgie
S/2006 53
Kari
Fenrie
Surtur
Ymir
Loge

Fornjot

D.Jewitt &
others
D.Jewitt &
others
D.Jewitt &
others
B.Gladman
others

. Sheppard
others
D.Jewitt
others
D.Jewitt &
others
D.Jewitt &
others
D.Jewitt &
others
D.Jewitt &
others
B.Gladman
others
D.Jewitt &
others
D.Jewitt &
others

2004

2004

2004

2000

2007

2004

206

206

2004

206

2000

206

2004

19,856,000

20,129,000

20,390,000

20,474,000

20,518,500

20,735,000

21,132,000

22,118,000

22,453,000

22,707,000

23,040,000

23,065,000

25,108,000

103

1083.6R

1086.1R

109438

1100R

1165k

1420

123360

12603k

129

13154R

13120

14918

0372

0521

0206

047

013

0471

0478

0136

0451

0334

0187

0206

1658

1452

1564

1760

72

1667

1508

1563

1649

1775

1731

1675

1704






OEBPS/images/c07f078.jpg





OEBPS/images/a01t4210lg3.jpg
Name Distance from Center of  Distance from Center of ‘Width (km) Thickness
Planct (plant radii) Planet (km)
Lil- 1236 66,900-74,510 7610 :
12391527 74,658-92,000 17,302 5m
15271951 92,000-117,580 s-10m
A 20072269 122,170-136,775 14,605 1030m
F 2326 140,180 30-500 Tkm
Janus Epimetheus ting 247255 149,000-154,000 5000 :
G 170,000-175,000 5000 100km
Methone ring arc 194,230 : :
Anthe ring 197,665
Pallene ring 211,000-213,500 2500
E 181,000-483,000 302,000 10,000km
Phocbe ring 4,000,000 ->18,000,000 14,000,000 7 2,400,000km ?
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