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The Data and Images Explained



MOST OF THE PICTURES in this book have been taken by space probes sent out to explore our neighboring planets over the last forty years. Individual pictures, selected from the many thousands that are available, range in scale from whole-disk images taken by ground-based or space telescopes, to microscopic views of rock structure from rover onboard cameras. As well as visible-light images, the full spectrum is shown from x-rays, through ultraviolet and infrared to radio emissions, reflecting the range of sensors used to probe planetary surfaces, atmospheres and magnetic fields.


The planet and moon maps are compiled from many images, sometimes many hundreds, taken by spacecraft as they orbited a planet, or simply flew past it. Each image is geometrically adjusted to show part of the planet’s surface and then blended with others, correcting for illumination variation, to build up the global map.


The inner planets have each been visited by multiple space probes: Mariner 10 and MESSENGER (Mercury Surface, Space Environment, Geochemistry, and Ranging) to Mercury; Venera, Magellan, and Venus Express to Venus; a whole fleet of satellites and landers to Mars.


Multiple missions have also made it to the large outer planets: Galileo orbited Jupiter; Cassini is still orbiting Saturn, having dropped a lander onto its moon Titan; before that the Voyager mission flew spacecraft past all four gas giants, with Voyager 2 being the only spacecraft to have visited Uranus and Neptune.


Today the New Horizons spacecraft is on its way to Pluto and the Kuiper Belt. Robot probes have even visited asteroids and brought back rock samples, chased comets and returned their dust.


Some planets are better mapped than the Earth, where more than 70 percent of the solid surface is hidden by deep water. Other bodies are only partly covered by images due to the fleeting nature of a flyby encounter. There you will see blank areas on the maps—not quite “Here be Dragons,” but definitely “terra incognita.” The most distant objects, including newly discovered dwarf planets, are no more than a few pixels across in images from the world’s most powerful telescopes—tantalizing glimpses of new lands yet to be explored.


SOLAR SYSTEM MAPS


The double-page 3-D maps of the Solar System are accurate computer graphic simulations with planet orbits plotted to true scale. For clarity, the size of the planets and moons in most of the maps has been exaggerated by 500 times, and moon orbits are shown at 50 times their correct size. The position of each body is correct for January 1, 2011. The stars shown in the background are accurate too, drawn from a photographic all-sky survey, with features such as the Milky Way and the Magellanic Clouds appearing in several of the views.
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PLANET AND MOON GLOBES


These computer-graphic views show each planet, moon or asteroid from a similar viewpoint and with similar illumination, so their appearance can be directly compared. These views are generated from global maps of each body based on the best available space probe imagery. Each body is shown as close as possible to its natural appearance, so Earth, Venus, and Saturn’s moon Titan are shown with their characteristic cloud cover. The planets are shown with their correct axial tilt, with a rotation angle (longitude) chosen to show some of their key surface features.
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PLANET AND MOON DATA


The “vital statistics” of each body are grouped into Orbital Data, describing where the body is and how it moves, and Physical Data, describing the size, mass and other physical properties of the body itself.
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Two important properties are shown visually on scale bars at the side of the page; Surface Temperature follows a pattern as we move away from the Sun’s warmth, with the odd exception such as Venus, whose temperature is elevated by the greenhouse effect of its thick atmosphere. Only Earth lies comfortably in the temperature range 0°–100°C where liquid water, so important to life, can exist on the surface.
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Mean Density gives us a clue about what the planet or moon may be made of, with small, solid Mercury having a density approaching that of iron, and giant, gassy Saturn being less dense than water.


ORBIT MAPS


The orbit map shows the shape of the orbit of each planet, moon, or asteroid in relation to its neighbors and parent body. The orbits are to true scale and the positions of each body are correct for January 1, 2012.


SCALE MAPS


The scale map shows the size of each planet, moon, or asteroid in comparison to an object that is (we hope!) more familiar. The scale objects range in size from the Earth down to a human being. (The waving human outline we’ve used to scale the particles of Saturn’s rings is taken from the plaque on the side of the Pioneer 10 space probe, drawn by Linda Salzman Sagan, wife of the late astronomer Carl Sagan.)
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PLANET CROSS-SECTIONS


The cross-section views show the interior structure of each planet, as far as we can ascertain it, from atmosphere or crust to core. Internal structure is inferred from the planet’s mass and size, and the laws of physics.


PLANET AND MOON MAPS


The planet and moon maps show the entire surface of each body, with Earth, Venus, and Titan shown without clouds. The maps are in the equal-area Mollweide projection, which keeps the relative size of features correct, although there is distortion of shape toward the edges and poles. This is just one way of representing a planet’s spherical surface on a flat piece of paper—like the skin of an orange peeled off in one piece and flattened out.
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Solar System
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Solar System



FOR MOST PEOPLE, life on Earth is hard. For the lucky ones it is merely hectic. No wonder we get caught up in our daily lives. We look down rather than up. We ignore the fact that we live on a tiny speck of rock suspended in an unutterable vastness of empty space. But above the thin skin of the atmosphere are other worlds. Worlds where 100-year-old hurricanes are raging, ice volcanoes are erupting, gargantuan lightning bolts are leaping between cloud tops and moons. These things have been happening for billions of years, but it is only now that we can see them in glorious close-up. We are extraordinarily privileged to be alive at the very beginning of the age of planetary exploration. Welcome to the Sun and planets, the moons and comets and chunks of assorted rubble that make up the Solar System.


NUMBER OF PLANETS


8 (Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune)


NUMBER OF DWARF PLANETS


5 (Ceres, Pluto, Eris, Haumea, and Makemake)


PLANETARY MOONS


162


DIAMETER


64,000,000 million km / 427,813 AU (outer limit of the Oort Cloud)


What is the Solar System?


THE SOLAR SYSTEM is the collection of bodies under the gravitational influence of the Sun, essentially the Sun plus a tiny amount of builders’ rubble left over from its birth 4.55 billion years ago. Although the Sun contains 99.8 percent of the Solar System’s mass, the builders’ rubble contains most that is of interest. Then again, we would say that, since included in the rubble is the Earth.


The main components of the Solar System in order of increasing distance from the Sun are four rocky, or terrestrial, planets—Mercury, Venus, Earth, and Mars—and four “gas giants”—Jupiter, Saturn, Uranus, and Neptune. Between the two groups orbits a swarm of rocky rubble known as the Asteroid Belt, and, beyond the gas giants, a swarm of icy rubble called the Kuiper Belt. Far, far beyond everything else is the “Oort Cloud,” containing maybe a trillion icy comets.


Imagine a CD in a giant swarm of bees. This is how it is for the planets, asteroids, and so on within the Oort Cloud.


As for scale, if the Sun were the size of a peppercorn, the Earth would be 10 centimeters away, and Eris, the biggest Kuiper Belt object, 10 meters away. The Oort Cloud, however, extending halfway to the next star, would be 10 kilometers in radius. This marks the extent of the Sun’s gravitational influence and the edge of the Solar System.


So we know what it is, but where is the Solar System?
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The eight planets of the Solar System shown to scale (from left): The small, rocky, terrestrial planets—Mercury, Venus, Earth, and Mars—and the gas giants, Jupiter, Saturn, Uranus, and Neptune.
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A more detailed simulated view of our galaxy.
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A simulated view of our galaxy, showing the location of the Solar System.
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The Milky Way is visible in the northern hemisphere, but it truly shines south of the equator. This is because Earth’s south pole is tipped toward the center of the Galaxy, where most of the stars are concentrated, whereas the north pole points out toward the edge of the Galaxy.








Where is the Solar System?


THE SUN IS one of about 100 billion stars in a spiral galaxy called the Milky Way, a great whirlpool of stars turning ponderously in space. Edge-on, the Milky Way would look like two fried eggs back-to-back. This whole system of stars is believed to be embedded in a giant spherical halo of invisible—“dark”—matter.


The Sun orbits the center of the Galaxy at a distance of about 26,000 light-years in a “spiral arm” that snakes out from the central bulge of stars. This arm—actually a spur of the Perseus spiral arm—is roughly halfway to the outer edge. At this distance, the Sun goes around the center of the Galaxy once in about 220 million years. As it orbits, it also oscillates up and down through the plane of the Galaxy. Encounters with “Giant Molecular Clouds” of gas may stir up the Oort Cloud, sending comets sunward—to strike the Earth and trigger mass extinctions.


The Milky Way is one of about 100 billion galaxies in the Observable Universe, a bubble about 84 billion light-years across and centered on the Earth. It contains all galaxies whose light has had time to reach us since the universe’s birth 13.7 billion years ago. Beyond its edge, or “light horizon,” are other galaxies currently invisible to us. Conceivably, the universe may march on forever. Like the universe, the Solar System has not existed forever.


Where did it come from?


IN THE BEGINNING, about 4.55 billion years ago, there was a Giant Molecular Cloud. Such clouds exist in our galaxy today—clumps of gas and dust, cold and dark, like pools of ink spilled across the stars. The primordial cloud would have hung there for ages, doing nothing, but for the molecules it was made of. The light they gave out escaped the cloud, taking heat with it. Deprived of its internal heat, the cloud could not prevent gravity from crushing it. It began to shrink.


When spinning things shrink—and the cloud shared the Galaxy’s rotation—they spin faster, like an ice-skater pulling in her arms. Simultaneously, the cloud fragmented into smaller globules, one of which would become our solar system.


The globule grew hotter as it continued to shrink until, at the center, it was hot enough to ignite energy-generating nuclear reactions. The Sun was born. Around the newborn Sun swirled a debris disk of leftover gas and dust. It was flat because a rotating gas cloud shrinks more easily between its poles than around its equator, where gravity is hindered by the “centrifugal” tendency of matter to fly outward.


In the debris disk, dust particles hit each other and stuck, building ever-bigger bodies that eventually aggregated into planets. Computer simulations commonly show about 10 Earth-mass bodies forming. Most are catapulted out of the Solar System by close encounters with embryonic giant planets—Earth’s brothers and sisters, lost forever in the ocean of interstellar space.
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Stars are born when immense clouds of gas and dust are compressed into dense structures, such as these dust pillars in the Carina Nebula. The pillars are being sculpted by violent stellar winds and powerful radiation from nearby massive stars.












[image: image]







1. The gravitational collapse of the dusty gas cloud that formed the Solar System may have been triggered by the shock wave from a nearby star exploding—a supernova.


2. When the material at the center of the shrinking cloud became dense and hot enough to ignite nuclear reactions, the sun was born.


3. In a phase known as cold accretion, dust particles clumped together to form lumps of rock and ice. These “planetesimals” grew as their gravity pulled in more material.


4. Some bodies became so large and dense that internal heating melted the interior. Violent collisions between bodies released more energy.


5. The largest bodies became “protoplanets,” with their interior structure differentiated into distinct zones, with a molten interior and a cool solid crust. The largest of all were able to accumulate a thick atmosphere of lightweight gas molecules.
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A cluster of very young stars lights up the Flame Nebula in the constellation Orion. This star-forming region is part of the Orion Molecular Cloud Complex, which includes the Horsehead Nebula (top right).
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The first picture of an alien planet orbiting around a sun-like star. The planet is about eight times as massive as Jupiter, and orbits its parent at a distance 10 times greater than Neptune’s orbit of the Sun.
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The exoplanet system Gliese 581 contains six planets, one of which (depicted in blue) is thought to be a rocky planet, about three times the size of Earth, lying in the star’s Habitable Zone.








Is the Solar System unique?


BEFORE 1995 WE had no idea whether planets like ours orbited other stars. Since then, huge numbers of “extrasolar” planets have been discovered. It seems that about one in ten nearby stars has a planet and maybe one in three a protoplanetary disk. Extrapolating to the whole Milky Way, we could be talking about tens of billions of planetary systems. The closest known planetary system is around Epsilon Eridani, 10.5 light-years away.


The huge surprise has been how very different other planetary systems are from our own. Some even have gas giant planets orbiting closer to their star than Mercury is to the Sun. Such “hot Jupiters” could not possibly have formed in situ since the gas necessary to create their mantles would have been too hot for their gravity to trap. Friction between an embryonic giant planet and a primordial debris disk may have caused a planet to migrate toward its star.


It is difficult to know whether the planetary systems discovered so far are typical since the techniques used to find them tend to reveal only very massive planets. Those techniques involve observing the wobble of a star as it is tugged by the gravity of an orbiting planet, or observing the dip in the brightness of a star when a massive planet passes in front of, or transits, the star. We are getting close to being able to detect an Earth-mass world around a sun-like star. The aim is to find another Eden.
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Of these five young stars in the Orion Nebula, four have disks of gas and dust left over from their formation. These protoplanetary disks (or “proplyds”) may evolve into planetary systems around the stars.
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Dust concentrated in the ecliptic plane glows with reflected sunlight. On the darkest, clearest nights we can see this as “zodiacal light,” a bright area of the night sky in the opposite direction of the Sun.








Space


IT IS EASY to overlook the biggest component of the Solar System, one that utterly overwhelms everything else: space.


In interplanetary space there are on average only 10 atoms and molecules per cubic centimeter. For comparison, the same volume of air at sea level contains about 30 billion billion, while a good terrestrial vacuum has about 100,000 molecules.


Since the interplanetary vacuum is essentially empty, it is true that, in space, no one can hear you scream. Sound, after all, requires a medium to vibrate in. Light requires no medium. However, laser beams in space are invisible because they can be seen only if there is dust to scatter the light from the beam into your eye (apologies to Star Wars fans).


An astronaut in space faces many hazards. They must carry a supply of air since there is no air to breathe. Their suit must be heated since the vacuum, with so few molecules, is mind-cringingly cold. But their suit must also have the capacity to be cooled since there is no air to carry away surplus heat, and an astronaut, caught in direct sunlight, risks overheating. In addition, the astronaut’s suit must be pressurized because they, like you and me, usually live with the weight of 50 kilometers of air weighing down on them—equivalent to a kilogram on every square centimeter of their body—and, without this, the astronaut’s blood will boil. As if all this were not bad enough, there is the constant danger of deadly radiation from solar flares. Ever get the feeling that humans were not made for space?
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Astronaut Bruce McCandless floats untethered in space, testing the Manned Maneuvering Unit during Shuttle Mission 41B in 1984.
















Life in the Solar System


WATER IS a prerequisite for life. We may be wrong about that but we have only one example of life to go on: our own. And we need water. Where water can exist in the Solar System is therefore crucial in knowing where to look for extraterrestrial biology.


For liquid water to exist it must be hot enough that it does not freeze and cold enough that it does not boil. Since temperature falls with increasing distance from the Sun, there is a Goldilocks region known as the Habitable Zone in which a planet can orbit and have surface water. It extends from just inside the Earth’s orbit almost out to Mars. The zone is broadened a little by the presence of greenhouse gases, such as water vapor on Earth, which trap heat.


Sometimes this band is called the “classical” Habitable Zone. This is because recent discoveries have blurred the concept. For instance, differences in gravity across a body, or tidal forces, can stretch and squeeze it, heating the interior. Jupiter’s gravity is doing this to both Io, which is hot enough to sport active volcanoes, and Europa, which is believed to have an ocean beneath its icy surface. Both moons are farther from the Sun than the classical Habitable Zone.


Most excitingly, Saturn’s moon Titan appears to have oceans and rivers, rain and snow, composed not of water but liquid methane and ethane. This raises the tantalizing possibility that a liquid other than water might provide a medium in which life’s chemicals interact, creating a truly alien biology.
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The Great Barrier Reef is the largest single structure made of living organisms—a collection of coral reefs and islands stretching more than 2,600 kilometers along the northeastern coast of Australia. Coral reefs are one of the richest habitats for life on Earth, providing a home for 25 percent of all marine species.








An alien artifact?


IN THE MOVIE 2001: A Space Odyssey, an alien artifact is dug up on the Moon. Buried beneath Tycho Crater millions of years ago, it is a baby alarm, primed to warn its makers if the human race avoids destroying itself and crosses the gulf to its nearest cosmic neighbor.


Could there be such an alien artifact in the Solar System? Nobody knows. However, there is a strong argument that if our galaxy is home to space-faring civilizations, they must have come here. It is attributed to Italian-American physicist Enrico Fermi, who, while discussing ETs at lunch with colleagues in 1950, blurted out: “Where is everybody?”


The simplest way to explore the Galaxy, according to Fermi’s argument, is via “self-reproducing space probes.” Send one to the nearest star system, where it uses the resources there to build two copies of itself, which fly off to other star systems and repeat this process. Like a virus infecting the human body, such probes could infect the Galaxy, visiting all 100 billion or so stars in a few tens of millions of years. But, as Fermi realized, this is a mere 0.1 percent of the Galaxy’s age. Consequently, if ETs are out there, they should have come here.


Some say we see no signs because we are the first civilization to arise. Others say absence of evidence is not evidence of absence. As pointed out by Stephen Webb, author of If the Universe Is Teeming with Aliens…


Where Is Everybody?, there are 50 billion billion billion cubic miles of space within a sphere enclosing the orbit of Pluto. As yet, we have barely explored this vastness.
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Enrico Fermi (1901–1954) won the Nobel Prize in Physics in 1938, played a central part in the Manhattan Project, and has element 100 named after him.
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Nature’s laboratories


OTHER PLANETS, by showing us what the Earth would be like if things were different, highlight what is special about our own. It is as if we are gods who can twiddle knobs that change the Earth’s mass, its distance from the Sun or temperature, where in the solar nebula it was born, and so on.


Atmospheres, for instance, depend largely on a world’s mass and distance from the Sun. Close in, where it is hot, gas molecules are flying about fast like angry bees, so it requires the strong gravity of a massive planet to hold them. Mercury is too small. Venus and Earth are massive enough, so they do hold on to an atmosphere. Far from the Sun, however, where it is cold and gas molecules are moving sluggishly, even a small world like Saturn’s moon Titan can keep a thick atmosphere.


There are also more subtle and complex effects. If the Earth


had been as close to the Sun as Venus, it would have lost its water, succumbed to a runaway greenhouse effect, and turned into the planetary equivalent of Hell. Mars’s thin atmosphere is easily stirred up, causing planetwide dust storms that reflect sunlight and dramatically cool the surface. The idea of nuclear winter, in fact, came about from observation of Mars. Both worlds, Mars and Venus, serve as warnings to the human race.


The incredible thing is that the planets continue to surprise us with, for instance, the recent discovery of water on Saturn’s tiny moon Enceladus. Yes, planets are nature’s laboratories, but the interplay of different forces is so complex that we often cannot guess the result. We have to go there and see for ourselves.














The Inner Solar System
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Sun



THE SUN is the nearest star. It is the only star close enough to appear as a disk rather than a mere pinprick of light. Essentially, the Sun is the Solar System. It accounts for 99.8 percent of the mass and is so big a million Earths would fit inside. It has been pumping out light and heat, more or less constantly, since the birth of the Earth about 4.55 billion years ago. This highlights a fundamental difference between a star and a planet. A star generates its own heat and light, whereas a planet, formed in the debris disk around a star, shines (mostly) from reflected light. Like all stars, the Sun is a giant ball of gas, held together and squeezed by its own gravity until it is superhot. But what is that gas? In short, what is the Sun made of?






[image: image]







ORBITAL DATA


LENGTH OF DAY 27 Earth days


AXIAL TILT 7.25°


PHYSICAL DATA


Diameter 1,391,900 km / 109 x Earth


Mass 1.99 billion billion billion metric tons / 333,333 x Earth


Volume 1.41 million million million km3 / 1.3 million x Earth


Gravity 27.963 x Earth


Escape Velocity 617 km/s


Surface Temperature 5,780K / 5,507°C


Mean Density 1.41 g/cm3
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ATMOSPHERIC COMPOSITION


Hydrogen 73.46%


Helium 24.85%


Oxygen 0.77%


Carbon 0.29%


Iron 0.16%


Sulfur 0.12%


Neon 0.12%


Nitrogen 0.09%


Silicon 0.07%


Magnesium 0.05%
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Sun map based on a combination of white light and ultraviolet images, geometrically transformed into heliographic coordinates. (Mollweide projection map centered on 0º longitude.)
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The Sun’s magnetic field becomes stronger around sunspots. This image shows the vertical structure of ionized gas following the local magnetic field lines at the edge of a sunspot on the Sun’s limb.
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Magnetic structures in the Sun’s corona are revealed in this ultraviolet image, sensitive to a temperature of about 1 million Kelvin.
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An immense coronal mass ejection (CME) erupts through the sun’s coronosphere in this image from January 4, 2002.
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This view shows a prominence near the Sun’s south pole. A combination of three ultraviolet wavelengths (at 30, 171 and 195 Angstroms) gives the view its color.
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This image combines an ultraviolet satellite view of the Sun’s surface with a photograph of the corona taken from the Earth during an eclipse.
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Different wavelengths of ultraviolet light are used to explore structures within the sun’s atmosphere.
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Waves and loops of ionized gas play around the sources of several solar flares on March 30, 2010.








What is it made of?


CECILIA PAYNE WROTE the most important astronomy PhD thesis of the 20th century, yet hardly anyone knows her name. In the 1920s she discovered that the Sun is 98 percent hydrogen and helium, gases essentially absent on Earth. So controversial was this that she wrote in her thesis that the abundance of the two gases is “improbably high and almost certainly not real.” Years later, when the evidence supporting her was overwhelming, it was her supervisor, Henry Norris Russell, who got the credit.


Payne’s result was controversial because everyone at the time believed the Sun was made of iron. In the 19th century, German scientists had found that atoms, when heated, glowed with light of characteristic colors, or wavelengths. Every element—oxygen, hydrogen, calcium, gold—had a unique fingerprint. The new science of spectroscopy detected in the Sun’s spectrum the overwhelming fingerprint of one element: iron.


Atoms give out or absorb light when an electron jumps from one orbit around a “nucleus” to another. Payne’s crucial insight was that, at the high temperature of the Sun, with atoms flying about and colliding violently, some atoms lose most, if not all, of their electrons. This is the case for hydrogen and helium, which have one and two electrons respectively. These elements therefore punch far below their weight in the light of the Sun. By contrast, iron, with 26 electrons, hardly ever loses all of them. Because of this it is prominent in sunlight. It was when Payne compensated for this effect using the newfangled “quantum theory” that she deduced that hydrogen and helium were superabundant.
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Ionized hydrogen gas in the atmosphere of the Sun is highlighted by using a filter in the deep red end of the visible spectrum.
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Like the fibers of a carpet, spicules of hot hydrogen gas rise from the Sun’s surface. On the horizon, several prominences leap out, suspended in the Sun’s magnetic field.








Why is the Sun hot?


THE SUN IS HOT because it contains a lot of mass. Simple as that. All that mass weighs down on the solar core. If you have ever used a bicycle pump, you will know that squeezed air gets hot. The interior of the Sun is hot for the same reason.


So much matter is crushing down on the center of the Sun that the temperature there is about 15 million degrees Celsius. At such high temperatures, all matter—regardless of its identity—dissolves into an electrically charged gas, or “plasma.” The key thing is that this is an anonymous, uniform state. So it makes little difference what the Sun is made of. It ends up in a very similar state.


The Sun is about a billion billion billion tons of mostly hydrogen gas. But if you put a billion billion billion tons of microwave ovens in one place, or a billion billion billion tons of bananas, you would end up with something as hot as the Sun and like the Sun.


OK, not exactly like the Sun. Although the central temperature of the Sun depends only on the amount of matter it contains, what it’s made of plays a secondary role because free electrons hinder the escape of heat. The more electrons in an atom—and heavy atoms like iron have more than light ones like hydrogen—the more effectively heat is bottled up inside the Sun.


So much for why the Sun is hot, but why does it stay hot?
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There are only eight bananas here, so they don’t have quite as much mass as the sun, but imagine how many would be needed to make a billion billion billion tons.








Why does it stay hot?


The Sun is continually losing heat into space, so it should be cooling. But it is not. Evidently, something is replacing the heat as fast as it is lost, maintaining the temperature dictated by the Sun’s mass. But what?


The question cannot be answered without knowing how much heat the Sun is generating. In the early 19th century, this was measured independently by Claude Pouillet and John Herschel, the latter from an island surrounded by hippo-infested marshes that is now a suburb of Cape Town called Observatory.


In the steam-powered 19th century, it was natural to speculate that the Sun was powered by coal. How long could the Sun maintain its measured heat output if it were a lump of coal? The answer was barely 5,000 years. However, evidence from geology and biology was that the Earth was far older. Today’s estimate is almost 5,000 million years. So, whatever the energy source of the Sun, pound for pound it must be a million times more concentrated than coal.


In the 20th century, such an energy source was discovered: nuclear energy. At the high temperature in the Sun, the cores, or nuclei, of the lightest element, hydrogen, collide and stick, gradually building nuclei of the next heaviest element, helium. It is a very inefficient nuclear reaction. On average it takes two hydrogen nuclei 10 billion years to collide and stick. This is why the Sun can burn for billions of years, long enough for the evolution of complex life.


The Sun’s nuclear reactions unleash a damburst of energy, which emerges as sunlight at the surface. But what do we mean by “surface”?
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One of the largest eruptive prominences of recent years rises from the Sun’s limb. Such eruptions are triggered as the magnetic fields that hold the gas in the Sun’s corona suddenly reconfigure.








Does the Sun have a surface?


THE SUN IS about 300,000 times as massive as the Earth. Although the tremendous gravity of all this matter squeezes the deep interior so that it is far denser than any solid, the Sun is nevertheless a ball of gas. How, then, can it have a surface?


The answer is that it cannot—at least, not like the Earth’s solid surface. Instead, it is defined by light.


Think of sunlight, generated by nuclear reactions at the core and working its way out. Free electrons get in its way like unhelpful pedestrians, so the light never travels more than a centimeter before being deflected. It zigzags its way out. So tortuous is this “random walk” that it takes about 30,000 years. Consequently, today’s sunlight was made during the last ice age.


The Sun’s “photosphere,” or “surface,” is where light working its way out of the Sun goes from walking to flying. Once it’s outside this surface, sunlight is free to fly in a straight line and takes only about eight minutes to reach the Earth.


If light could travel in a straight line from the center of the Sun, it would take two seconds, not 30,000 years, to get out. This is the time it takes “neutrinos,” which are also created in the energy-generating nuclear reactions that make sunlight.


Hold up your thumb. About 100 million million neutrinos are slicing through the tip every second. Around eight minutes ago they were in the heart of the Sun. An amazing image was made by the Japanese Super-Kamiokande detector: the Sun, taken at night, looking down through the Earth, not with light but neutrinos.


But there is more to the Sun than neutrinos and sunlight. There is magnetism.






[image: image]

A close-up view of the limb of the Sun showing details of an eruptive prominence.
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Distance from Sun
147t 152 million km / 0.98 to 1.02 AU
Orbital Period (Year) 36526 Earth days
l Length of Day 23.935 Earth hours
a Orbital Speed 30.3 t0 29.3 km/s

Orbital Eccentricity 0.0167
ITIS BIG. It is round. And we all depend on it. When considering Orbital Inclination 0°

aworld as familiar as Earth, it is hard to say anything new. But our Axial Tilt 23.44°
planet is deeply mysterious. It is the only world with surface water.

It is the only world with plate tectonics, an ozone layer—and life. Mercury
Why is the Earth so special ? It must be related to its distance from — Venus
the Sun—smack bang in the Goldilocks zone, not too hot, not too o
cold—to its mass and composition, its giant moon, which stabilizes e
climate. Whereas the most complex thing on other planets is weather,

on Earth complexity has increased remorselessly—from bacteria to

multicellular life, human society, civilization, and technology. If you ==

know why here and nowhere else, there is a Nobel Prize waiting for

you. In the meantime, consider the ways the Earth is unique.

PHYSICAL DATA

Diameter 12,756 km

Mass 5,970 billion billion metric tons
Volume 1,080,000 million km?
Gravity 1xEarth

Escape Velocity 11.18 km/s

Surface Temperature 204 to 331K/
-69°t0 58°C

Mean Density 5.515 g/cm’
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© ATMOSPHERIC
COMPOSITION
Nitrogen 78.084%
Oxygen 20.946%
Argon 0.9340%
Water vapor 0.1000%
Carbon dioxide 0.039%
Neon 0.001818%
Helium 0.000524%
Methane 0.000179%
Krypton 0.000114%
Hydrogen 0.000055%
Nitrous oxide 0.00003%
Carbon monoxide 0.00001%
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